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This annual progress report will follow past tradition and will be given
in three sections: (Section I) a brief Background Information including much
i work we accomplished under ONR contract; (Section II) a summary of laboratory
T work; and (Section III) a summary of non-laboratory work.

I. Background Information

N The basic unit of all life is the living cell. A sound knowledge of the
i) physico-chemical nature of the living cell may well be the key to all success-
ful biomedical investigations of the future.

This is not to say that biomedical research cannot produce useful re-
sults without a correct concept of the living cell, It is only that, in the
: long run, much time, efforts, and money may be wasted if such research is built .
o on an incorrect concept of the living cell in the same way that a house “
. beautifully designed and constructed may eventually prove to costmuch wasted
time, efforts, and money, if the house is built on shifting sand.

XL

In theory, the way to cope with this problem of locating a correct

:_ foundation for further investigation is simple enough. One looks for and finds
.j~ solid ground before starting to build. In reality, the house was always ur-
’ gently needed and construction might have proceeded before there was no doubt
W that what appeared to be solid ground was in fact otherwise. Once construction
has begun, there will be enormous pressure to ignore evidence that the founda- q

K tion is not sound. So when- clear-cut evidence of sandy foundation does begin %
~ to surface, it would take great leadership for those in command to bring about
:3 the needed change of course thereby forestalling impending catastrophe. ~

Let us now return to biomedical research. There has been irrefutable
evidence more than twenty years ago that the basic theory of the living cells,
the membrane-pump theory, taught as truth in virtually all textbooks from high
. school up and used directly or indirectly as the foundation of all biomedical
- research, is wrong.

The evidence against the membrane-pump theory is simple: One of the first

proposed pumps, the Na pump, would (under certain rigorously controlled condi- s
N tions) require from 15 to 30 times as much energy than the total energy avail- -
o able to the cell. Furthermore, the Na pump is only one of many pumps that have B
. been formally proposed and which numbered more than twenty already as counted g

in 1968. These were limited to pumps postulated to exist in the plasma membrane x
surrounding the cells. Many more pumps must also be (and were) postulated to i
exist at the membranes of subcellular particles. The much larger membrane !
N surface areas of these subcellular particles than the plasma membrane demand o
o proportionately more energy for pumping. As an example, the total surface of -
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liver mitochondria is twenty times larger than that of the plasma membrane
and would thus require that much more energy for every pump than the corres-
ponding plasma-membrane pump. To the best of my knowledge, no one has pub-
licly contested the serious difficulty revealed; nor has anyone come forward
with a feasible, meaningful overall energy balance sheet. In the meanwhile,
the proponents of the membrane-pump theory have continued to act as if these
serious problems facing the theory never happened. To show how bad the
situation has become, I cite the following well-documented specific case.

In the past decades, Cambridge, England, had become the ' Mecca' of the
membrane-pump theory because the Cambridge University has produced some of
the world’'s greatest scientists. In 1975 two scientists from the Physiological
Department of the Cambridge University, Glynn and Karlish published in the
Annual Review of Physiology, a first-of-its-kind review on the " Na Pump."
This article reviewed the subject covering a total of 235 references published
over a period of 22 years during which most of my work had been published. Yet
there was something not quite right in this review. Professor H. R. Catchpool
of the University of Chicago commented on this review thusly in Perspectives in
Biology and Medicine 24:164 (1981): " The first comprehensive review which
mentioned the Na pump in the title was that of Glynn and Karlish... Glynn and
Karlish listed 235 articles in support of the sodium pump and none opposed.
Yet Ling's ideas had been around for 25 years, so had ours; so has Troschins...".

How seriously these carefully executed ommissions by scientists like
these (whose judgments were trusted by virtually all other scientists) had
violated the basic code of scientific ethics can be evaluated in the context
of the words of an earlier English scientist-mathematician of renown, Charles
Babbage of the last 19th century. Babbage pointed out that scientific fraud
was not limited to data fabrication., Two other kinds of fraud exist, The third
kind of fraud was called " cooking'' defined by Babbage as " the choosing of
those data that fitted the researcher's hypothesis and the discarding of those
that did not...'" (see Morton Hunt, New York Times, November 1, 1981.)

There have also been in recent times better publicized case after case
of other types of scientific fraud, " fabrications" by scientists at the best
teaching and research institutions, including Sloan-Kettering, Columbia, Cornell,
Yale, and Harvard, all in the realm of biomedical research. And one outstanding
case also directly involved the Na-pump (Spector at Cornell, see Betrayers of
the Truth (Broad and Wade, Simon and Schuster, 1983). Perhaps Spector, a very
bright, young scientist, was quite aware of the quicksand they stood on and the
little real hope for true progress to be made on this foundation.

In the early 50's, alarmed by the energy imbalance situation mentioned
above, I went to seek an alternative physico-chemical model of the living cells.
This search culminated in the publication first in 1952 briefly and in detail in

1962 of a new theory called the association-induction hypothesis. In thie theory,

levels of ions and other solutes in the living cells are not maintained by the
activities of energy-consuming pumps but reflect a non-energy consuming equil-
ibrium state. Thus, the high level of K' in the cell is not due to constant
inward pumping but the result of selective adsorption on many anionic sites of
cellular proteins. The low level of Na is not due to constant outward pumping
but reflects the existence of cell water in a physical state different from that
of normal liquid water, i.e., the state of polarized multilayers. Nat sugars,
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free amino acid as well as other large and complex molecules found in low con-
centration in the cell are (partially) excluded because they have lower solu-
bility in the cell water existing in the state of polarized multilayers. (Vir-
tually all of these basic concepts have by now been experimentally confirmed,
see below.)

One would hope that subscribers to the membrane-pump theory would join

us in designing experiments to tes the alternative theories - as scientists N
should do. But this was not what happened. Nor was it the first time that .
intelligent people should behave like ostriches and defended the membrane pump s

theory more like religious fanatics than objective scientists. Therefore the
kind of " cooking' Glynn and Karlish and others like them did had far-reaching
consequences. As a result, it became harder and harder for scientists like
myself to survive who foresaw all too clearly the impending danger of " quick-
sand" and tried to warn others. Despite these difficulties, I did last this .
long. What has made this survival possible will be made clear in the following E:
verbatim quotation of the opening paragraph of the " Acknowledgment,' of my forth-
coming book (see below).

" The Office of Naval Research supported my work between 1953 and

1957 through a contract award to Professor R. W. Gerard (ONR 110 ;

128). Later after I settled down at the Pennsylvania Hospital, ONR 2

continued its funding and it has, without a single interruption, sup- ia

ported my work for the last 18 years under Contract NOQO14-71C-0178.

In particular I take pleasure in thanking Dr. Arthur B. Callahan,

who had both the scientific insight and the courage to support my

work through the years when many considered it highly controversial."

I want to bring this out because I feel that in the last twenty years
the Office of Naval Research in general and Dr. Arthur Bl Callahan (who has now
retired) in particular, have permitted a major branch of biomedical science to
live on by supporting a small minority of dissenting scientists from oblivion
by supporting the " Water and Ion Program." And I am equally certain that they
had actually allowed us to build a more solid foundation to future biomedical
research than the quicksand of more snd more membrane pumps. In support of
this view, I also pointed out in my forthcoming book the following:

"It gives me great pleasure that the support of the ONR, the NIH,
the Hartford Foundation, Pennsylvania Hospital, and my friends has
already borne practical fruits,* directly benefiting mankind.

* NMR scanning, which allows continued quantitative investigations
and monitoring of normal and diseased human body parts without
surgery or X-ray irradiation, was invented by Dr. Raymond
Damadian, the patent holder, who wrote me on November 9, 1977:

'On the morning of July 3, 1977, at 4:45 A.M.... we achieved with
great jubilation the world's first NMR image of the live human
body. The achievement originated in the modern concepts of salt
water biophysics [introduced by] your treatise, the association-
induction hypothesis,' "

In a few month's time a book telling the whole history of cell physiol- e
ogy - including why at one time the membrane-pump theory became widely accepted ’
and the results of thirty years' of experimental testing of the membrane theory

-3 - -
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and the Al hypothesis under the title, '" In Search of the Physical Basis of
Life," Plenum Publishing Corp., New York, early 1984.
\

1. Laboz"atorz Work

Ouf¥ esearch continues in the direction of understanding the physical
state of wafer and ions in living cells as these are the essential foundation
knowledge for all future biomedical research and in applying this knowledge to
solving Qther practical prohlems of intgrest to the Navy. ’“f;&:fg ’fcyf"°/ﬂﬂ('
XAj) The Rotational Correlation Time of *Kon-solvent Water, ‘
TN - . P4
The discovery of the condition that creates in vitro water existing in
the state of polarized multilayers and the extensive NMR investigation of the
relaxation behavior of this water has led to an important conclusion: Water
which has no solubility for probe molecules like Na citrate has a rotational
correlation time lengthened merely by a factor of 3 to 10, rather than by a
factor of thousands or millions if water were truly ice-like. This finding
permits conciliation of (1) the modest reduction of the rate of water diffu-
sion in living cells (by a factor of 2), (2) the modest reduction of T, values
of water protons in living cells, and (3) a non-energy consuming explanation
of the low level of Na' according to the AI hypothesis. (For details, see
enclosed manuscript, MS # 4. '

I vl L v
C . /

;’(fx The Establishment of the Adsorbed Ftate of Counterions (Na') in Ton
Exchange Kesins) Sd

With highly selective Na® electrode, we established that virtually all
the countercation ingnuélear-sulfonate ion exchange resin exits in a one cation-
. one site close contact adsorbed state. How this disproves the textbook interpre-
% tation of ien exchange resin selectivity and the interpretation of 23Na NMR
. data are fully explained in the enclosed MS #9.

Fal .
~ )(_’Cﬁ The Dependence on CH {oncentration in L{ell Swelling Induced by
Isotonic KC1 in Muscle Cells Without an Fntact Cell Membrane , .

Swelling of frog sartorius muscles cut into 2 mm and 4 mm segments with
" no intact membrane in 0.1 M KC1 depends strongly on ca*™t concentration in the
:h medium. At high Ca'™ concentration (1 mM) or in the presence of no cat but 1 mM
A EDTA, there was minimal swelling. Maximum swelling occurred at a ca’™ con-
centration of 0.01 to 0.1 mM., The data closely parallel similar observation
by Edelmann, who observed Ca++-dependent K" uptake in extremely thin sections
_ (0.2 W) of frozen dried, imbedded frog muscle cells. Both sets of data agree
. j with the AL hypothesis that selective K* adsorption depends on the catt acting
as a cardinal adsorbent

I1I. Non-laboratory Work

. A. As mentioned above, the book, " In Search of the Physical Basis of
R Life'" 18 now at the page-proof stage. Aside from its many unique features, the
book presents more than 40 portraits of scientists who have made significant
contribution to man's search for the physical basis of life. The book is due
to appear in early 1984,
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Additional Work

Ling, G. N., and Murphy, R. C., " NMR Relaxation of Water Protons Under
the Influence of Proteins and Other Linear Polymers', Physiol. Chem.
Phys. 14:209 (1982)

Ling, G. N., and Murphy, R. C., " Apparent Similari*ty in Protein

Physiol. Chem. Phys. 14:213 (1982) .

In Print

Ling, G. N., and Ochsenfeld, M. M., " Studies on the Physical State of
Water in Living Cells and Model Systems. I. The Quantitative Relation-
ship Between the Concentration of Gelatin and Certain Oxygen-Containing
Polymers and Their Influence Upon the Solubility of Water for Na+ Salts",
Physiol, Chem. Phys. 15:xxx (1983)

Ling, G. N., and Murphy, R. C., " Studies on the Physical State of Water
in Living Cells and Model Systems. II. NMR Relaxation Times of Water
Protons in Aqueous Solutions of Gelatin and Oxygen-Containing Polymers
Which Reduce the Solvency of Water for Na', Sugars, and Free Amino Acids',
Physiol. Chem. Phys. 15:xxx (1983)

Ling, G. N., " Studies on the Physical State of Water in Living Cells

and Model Systems. III. The High Osmotic Activities of Aqueous Solutions
of Gelatin, Polyvinylpyrrolidone and Poly (ethylene oxide) and Their
Relation to the Reduced Solubility for Na+, Sugars, and Free Amino Acids",
Physiol. Chem. Phys. 15:xxx (1983)
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Ling, G. N., " The Association-Induction Hypothesis. A Theoretical
Foundation Provided for the Possible Beneficial Effects of a Low Na,
High K Diet and Other Similar Regimens in the Treatment of Patients
Suffering “rom Dehilitating Illnesses', Symp. or Metsbolir Dyefunctions,
Mexico, Jan 30-31, 1981, Agressologie 24:xxx (1983)

Ling, G. N., " The Molecular Mechanisms of Cellular Potentials', in
Structure and Function in Excitable Cells, Plenum Publishing Corp.,
New York
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Ling, G. N., " Experimental Confirmation of the Polarized Multilayer
Theory of Cell Water Including Data That Lead to An Improved Definition -
of Colloids'", in New Trends in the Study of Water and Ions in Biological
Systems, Plenum Publishing Corp., New York
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Manuscripts :i
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Ling, G. N., and Zhang, Zheng lian, " Evidence Showing That the R
Bulk of Na in Sulfonate Ion Exchange Resin Exists in an Adsorbed State o
and Its Significance for the Interpretation of NMR Data on Na+, K+, and "
Other Ions in Living Cells'", Physiol. Chem. Phys. )

Ling, G. N., and Kwon, Y., ' Cold Injury-Induced Brain and Other Tissue
Swelling and Its Molecular Mechanism", Physiol. Chem. Phys.
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Zhang, Z. L., and Ling, G. N., " Studies on the Physical State of Water
in Living Cells and Model Systems. V. Further Studies of the Warming
Exothermic Reaction of Frozen Aqueous Solutions of Polyvinylpyrrolidone
(Poly (Ethylene Oxide), and Urea-denatured Proteins', Physiol. Chem. Phys.

Ling, G« N., agd Tucker, M., " Only Solid Red Blood Cell Ghosts Trans-
port K' and Na Against Concentration Gradients: Hollow Intact Ghosts
With K¥-Na¥ Activated ATPase Do Not", Physiol. Chem. Phys.

Ling, G. N., and Fisher, A., " Cooperative Interaction Among Cell Sur~- 5’
face Sites: Further Evidence in Support of the Surface Adsorption &
Theory of Cellular Electrical Potential", Physiol. Chem. Phys. ]

Ling, Ge Ne, " The Osmotic Activity of Aqueous Solutions of Several
Polymers Including Gelatin, Polyvinylpyrrolidone and Poly (Ethylene
Oxide) Which Reduce the Solubility of Water for Na', Sugars, and Free
Amino Acids", Physiol. Chem., Phys.

Ling, G. N., Walton, C. L., and Ochsenfeld, M. M., ' The Resting Poten-
tial of Frog Muscle is Indifferent to+£xtetna1 Mg ' Even Though Mg++
is Substantially More Permeant Than K', Physiol. Chem. Phys.

Ling, G« Nuo, " The Physical State of Water and Kt in Living Cells",
2nd International Conf. on Water and Ions in Biological Systems, National
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EVIDENCE SHOWING THAT THE BULK OF NAT IN A SULFONATE ION EXCHANGE RESIN

EXISTS IN AN ADSORBED STATE AND ITS SIGNIFICANCE FOR THE INTERPRETATION OF

-+

NMR DATA ON Na¥, K

AND OTHER IONS IN LIVING CELLS

by

Ge. N. Ling and Z. L. Zhang

Department of Molecular Biology
Pennsylvania Hospital
Eigh h and Spruce.Streets

Philadelphia, Penna. 19107
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INTRODUCTION

There are two diametrically opposed views concerning the physical state

[ O

of the countercations like Na' in a commercially available nuclear sulfonate

. "™
pOn

type of cation exchange resins. In one widely cited view proposed by H.

Gregor (1948, 1951) the bulk of the countercationgin the resin exists as free

ions. In the opposite view, first presented by Ling in 1952 and later incor-
porated into the larger theme, the association-induction (AI) hypothesis, the
counterions are adsorbed in the classic sense, i.e., one (hydrated) counter-

cation is closely associated with and in direct contact most of the time with
one fixed anion of the resin phase. The major force holding the adsorbed ion
in close association is electrostatic attraction, enhanced by the phenomenorr

of dielectric saturation at the near vicinity of a charged ion. (A theory

similar to that of Ling was given by Harris and Rice in 1956, apparently un-

aware of the earlier work.)

The main interest of Ling in 1952 on exchange resins originated from the
resemblence between the ability of virtually all living cells to accumulate
kt selectively over Na¥ and the ability of certain types of cation exchange
resins to do the same. The suggestion was then made that in both systems, a
similar mechanism operates. Gregor (1948, 1951}, on the other hand, had little
interest in cell physiology. He suggested an entirely different mechanism
based on the assumption of free countercationgin the resin water: as free ions,
the smaller, less hydrated Kt is preferred over the larger, more hydrated

Na' due to the intense pressure postulated to exist in the exchange resins.

The dichotomy in these two different interpretations of the same

phenomenon seen in ion exchange resin produced another set of divergent inter-

23

pretations of the NMR of ""Na in living cells. Based on the assumption of Na®

binding in ion exchange resin, Cope (1967) and Ling and Cope (1969) cited the
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N 2
5{ similar NMR behaviors of 3Na in living cells and in the nuclear sulfonate

s

ion exchange resin, Dowex 50, as evidence for Nat adsorption in living cells.

33 Based on the assumption of full counterion dissociation in the same ion ex-
3§ change resin, the same similarity of NMR behaviors in the two systems led

: * Berendsen and Edzes (1973) to conclude just the opposite, i.e., Na® (and k)
; in living cells is all free. i

N

tg The above are examples of the schism created by the uncertainty of the
R physical state of the counter cationg, in particular Nat in an obviously

E attractive model system, the man-made ion exchange resins. To help resolve
i

'% this problem, we undertook an investigation of the physical state of Nat in ~
;, solutions of the linear polymers of Na; poly-styrene sulfonate, which exists
-E: in a solution form,easily amenable to ihvestigation. It is well known that

' : sulfonate ion exchange resins like Dowex 50 are simply these linear polymers
>3 (at high concentration) crosslinked into a three dimensional network with the
_? cross-linking agent, divinylbenzene. Since increasing ion concentration de-
?u creases the free energy of dissociation and enhances ionic association, the
&) demonstration of a significant degree of counterion association in dilute

-,

g solutions of the linear polymer would confirm the adsorption concept of the AL
;f hypothesis. On the other hand, the demonstration of complete dissociation of
:: the countercation would offer support for Gregor's theory.

N,

X MATERIALS AND METHODS

5 The polymers studied were poly-styrene sulfonate (PSS) obtained as

;f several batches of gifts under the commercial name Versa-T1(® 400 and Versa-
‘ '1'1® 500 from Proctor Chemical Company, a subsidiary of National Starch and
Ei Chemical Corp., Bridgewater, NJ. The approximate molecular weight of the Versa-Tlcg
::: 500 {g 500,000 daltons; that of Versa-T1®A00, 400,000 daltons.
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All the chemicals used were of the reagent grade. Guanidine HC1l and - 4

-]

choline chloride were from Eastman, Rochester, N. Y. Arginine HCl and lysine led
HCl were from Sigma Chemical Co., St. Louis, Mo.

The Na electrode (Corning 476-210) used in the early part of this work -~

s

was a gift from Corning Glass Works, Medfield, MA, when this electrode e

was still not in production. However, this fine electrode is commercially

available now. Made with glass of NAS 11-18 composition, this el: rode has -
high specificity for Nat. Thus at pH 7, the Nat/xt selectivity ie ~out 1000;
that of Na+/Li+, 250. For maximum reproducibility we kept the el¢ .- e bulbs

immersed in a 0.1 N NaCl at all times when not in use. The reference elec-

trode used was a single junction calomel electrode (Model 90-01, Orion Res.
Inc.) connected to the measuring vessel by a salt bridge of heavy wall capillary
tubing filled with 0.1 N KCl and 2% agar. The end of this salt bridge in the
gsolution to be measured is drawn to a very small diameter with the tip inner

bore of less than 1 mm. The electrodes were coupled to either a Fisher pH

meter Model 620, or a Beckman pH meter Model 4500. The output of the meter
was fed into a Linseis multi-channel strip-chart recorder and readings were
taken after steady levels were reached. This usually took 2 to 3 minutes. As
a rule new standard curves were constructed each day. However, reading of an
unknown sample was always sandwiched between a pair of readings of standards

above and below the reading of the unknown sample.

For the determination of total Na' concentration of the polymer solu-
tions, we relied on atomic adsorption spectrophotometry (Perkin-Elmer Model
103). Extreme care was exercised in diluting the viscous samples to assure
complete homogeneity. The samples diluted to contain Nat concentration in the

range , 5 to 100 #M, were read in the presence of a constant concentration of

Licl (97 «M) and NHAHZPOA (3.0 mM) which served as radiation buffers.
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RESULT

Determination of Free and Bound Na+

We chose two methods to convert the polystyrene sulfonate (PSS) into

the Na' form: (i) extensive dialysis with repeated changes of solutions of N
1 M NaCl and (ii) by conversion of PSS first into a H' form after overnite ;?
exposure of PSS in a dialysis bag to 1 N HCl1l at 4° ¢ and by subsequent dialy- tj

a4

sis against repeated changes of 1 M NaCl until neutrality was reached. The
results are similar; both methods produced punzNa+ polymers. PSS in the Na+
form thus obtained is then further dialyzed against distilled water adjusted
to pH 11 with NaOH. The dry weight of'aliquots of the stock solution was -
determined by heating in vacuo at 100°'C, Some aliquots were-diluied with
similar basic distilled water to the various desired concentrations before
their free Na® concentrations were measured with the Corning 476-210 Na elec-
trode. Other aliquots were diluted to the proper con:entration range for the

determination of total Na' with the aid of atomic absorption spectrometry.

Figure 1 shows the result of a series of such measurements. From the
total Na+ concentration one estimates a Na+ concentration of 5 mmoles of Nat
per gram of dry NaPSS, which is slightly higher than that predicted on the

H
assumption of a uniform monomer formula (-CHZ—C—)n, which has a monomer weight
1

;
- gt
SO3 Na

of 206.20 and a predicted Na® content of 4.85 mmoles/g. NaPSS.

The free Na' concentration for each of these samples as indicated in
Fig. 1 fell far below the level of total Na® concentrations measured. By
subtraction, one obtains the bound fraction of Nat. Figure 2 combines the
results of data given in Fig. 1 and another set of data. The ordinate repre-

sents adsorbed Nat expressed as a percentage of total Na*. To be noted is that

. - . N Lt - - - N
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the percentage of adsorbed Nat was low in very dilute solutions of NaPSS but

it increased sharply with increase of NaPSS concentration until at about

4% NaPSS, the adsorbed Na®¥ makes up 80% of the total Na®. From 4% on, the

adsorbed Na' rose much less steeply to still higher levels.

Demonstration of Specificity in Cation Adsorption -

Aas AL h ammma .

The results presented in Figures 1 and 2 show that the bulk of Na®t
in solutions of NaPSS is not " seen' by the Nat electrode. The simplest in-
terpretation is that the bulk of Na*t is adsorbed. However, there is also the

theoretical possibility that the " invisible" Na® reflects not a one Na'-

one sulfonate anionic site close contact adsorption, but rather fully dissociated

Na© hovering around in the vicinity of the anionic sites in spaces not acces-

b B dendh ok 4

sible to the electrode.

There is a method to distinguish between these two alternative condi-

tions of the " invisible" Na* (Ling and Ochsenfeld, 1966; Ling, 1977). This

Bl o

method relies on the employment of two or more competing ions which, like

Na+, carry in each case a net single positive charge and are thus quite alike
in their long-range attributes but differ from one another in short-range
attributes. If the " invisible" Na® is not in direct contact with the anionic
site, then the displacement effect of a pair of these competing cations would

depend only on their identical long-range attributes (i.e., their valency) and

hcadelhndne ASENIS By ) Al g2

are thus indistinguishable. If on the other hand, the " invisible" Na® is

in close contact with the anionic sites, then the degree of displacement

PP DR ¥

by two such ions with different short-range attributes may be quite different.

As competing ions, we chose the chloride salts of four " cations" that

carry a single net positive charge: arginine HCl, quanidine HC1l, choline

A RS 88N

chloride, and lysine HC1.
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Before testing their effects on displacing Na® from PSS, we must -
first establish that these cations do not by themselves significantly alter i
the accuracy of the Na® electrode to register (only) the free Na' concentration
in a solution. To do so, w« determined the Na+ concentration at the concen-

trations of 10-'5

-4 -
, 10 7, and 10 3 M in the absence and presence of each of these
competing ions at concentrations 100 times higher than the respective Nat
concentration. The results (Table 1) show that the deviation in the electrode

reading is less than 2%. Since in the actual experimental measurements to be

described, the competing ion concentrations wee not 100 times higher than the

h
b
g
a

Na® concentration but wee at most only 5 times higher than that of the Na®

B -

concentration, there was in essence no direct significant interference of these
ions on the Na' electrode and that the Nat electrode continued to faithfully

R + .
monitor only the free Na concentration present.

Figure 3 presents a typical experiment in which the effectgof varying
the concentration of the competing ions (indicated on the abscissa) on the
percentage of displaced bound Na'. Note that the bulk of bound Na© (i.e., 77%) are
displaced by 300 mM guaridine. However, at 100 ™M corcentration, the most
effective displacement was not guanidine but arginine. (Due to its lower
solubility, we could not study the effect of arginine at the highest concen-
trations as we did in the case of the 3 other catioms.) The great difference
between the effectiveness of arginine and that of lysine, both trifunctional
amino acids, clearly shows that the ineffectiveness of lysine in displacing
bound Na+ was not due to its possession of the additional ®-amino and ¥~
carbonyl groups, a feature shared by both lysine and arginine. The data presented
in Fig. 3 shows that there was a-high degree of specificity in the effectiveness
of displacing the Nat even though all carry a single net positive electric

charge and thus would have, jdentical effectiveness if they had acted only

s at e et e e et Tt e RENR I |
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- to displace the " invisible" Na™ through their long-range attributes. In
addition, the data show that the short-range attributes played major roles
in the displacement of the Na+, thereby proving that the ' invisible" Na'
is indeed adsorbed in the sense that the Na® is in close contact with the

s s ce s + . .
anionic sites in a one Na -one sulfonate group relationship.

Since guanidine can displace 77% of the bound Na® while lysine at equal

concentration can only replace 8% of the bound Na+, at least 77 - 8% = 69% of

the " invisible" Na® is in the close-contact adsorbed state. However, the
= slope of the guanidine curve at 300 mM is considerably higher than that of the

lysine curve. Thus one may safely conclude that more than 69% of the " in-

visible"Na+ is in the direct-contact adsorbed state in the PSS soluticn.
DISCUSSION

The results of our investigation presented abcve left no doubt that the

bulk of Nat in a solution of Na PSS at concentrations higher than 2% is in a

R ._-l"' RN L-:—“AlA'L.A_: .,

close-contact adsorbed state. As a rule, with the increase of the concentra-
tion of Na PSS, the fraction of Na*t existing in this adsorbed state increases.
Commercial nuclear sulfonic acid ion exchange resins like Dowex 50 are cross-
linked polystyrene sulfonate just like the Versa-Tl we studied. The total
solid content of Dowex 50 and other similar resins are in the 40% to 50% range
and are higher than the highest concentration of Na PSS we studied (i.e., 35%,
see Fig. }). Therefore we have little doubt that virtually all Na' in a

Dowex-50 exists in a close-contact adsorbed form.

These findings therefore disprove Gregor's theory of total counterion
dissociation in sulfonate ion exchange resin and clearly confirms the prediction

of the AI hypothesis.
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As mentioned earlier, the present finding that the counterions in

l o :
ot e
SR W R

Dowex 50 as well as other types of ion exchange resins are in an adsorbed

)|

state also offers simple explanations for much of the characteristics of ion -
.-,“

exchange resin properties that Gregor's theory could not explain, including e
. + gt + , g

the much higher preference for Ag , Tl over Cs and other monovalent cations d

b

of equal size (Helfferich, 1962) and the diametricilly opposite selective
preference of Na©¥ vs. KT when the functional groups differ: preference for

+ + . . + + . .
K’ over Na' in sulfonate resins; preference for Na over K in phosphoric and
carboxylic resins (Bregman, 1953). The model presented by the AI hypothesis
also offers an explanation why in resin bearing the same functional groups

{nuclear sulfonate), an increase of the percentage of cross-linking agent

DVB, causes a ' selectivity reversal' from preferring KT over Na™ and one

favoring Na' over KT (Reichenberg, 1951, 1955; Bregman, 1953), a finding that

also cannot be explained by Gregor's theory (see Hellferich, 1962, p. 159)
- but agree well with the theoretically calculated relations between the electron
density at the acidic group (i.e., the c-value) and that incorporation of DVB

changes this electric density (see Reichenberg, 1966; also Ling, 1981).

The conclusion derived from the present studies also reaffirms the
parallelism seen thirty years ago between the mechanism of selective K" accumu-

lation in ion exchange resin and in living cells (Ling, 1952, 1962, 1983),

- et e 1 -
7 since it is now firmly established that K' in living muscle cells aglgo exists in an "]
-

< adsorbed state, by three laboratories, using a total of four independent

methods: autoradiography (Ling, 1977, Edelmann, 1980); transmission electron

A W W

microscopy (Edelmann, 1977); dispersive x-ray microprobe analysis (Edelmann,

e

1978; Trombitas and Tigyi-Sebes, 1979); and laser mass spectrometer microprobe

analysis (LAMMA) (Edelmann, 1981). :
<3
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In the fifties, Jardetsky (1956) and Jardetsky and Wertz (1956a, b)
studied Na~ complexing in various solutions and other systems including the
sulfonate ion exchange resins, Dowex 50. They found that only about half of 4
the Na¥ in Dowex 50 resin was NMR-visible. They suggested that there are
two fractions of Na¥ in the resin: one free and is NMR visible, the other
adsorbed and is NMR invisible. Accepting this logic, Cope (1967) studied
Na¥ NMR or living tissues, arriving at the conclusion that much of the Na©
in living tissues exists in an adsorbed state. Later Ling and Cope (1969) i
measured the Na' NMR of frog muscle whose K' has been replaced stoichiomet- N
rically by Na'. They also used the same assumption of Jardetsky and Wertz,
and concluded that muscle K’ is in an adsorbed state. Many other séudies Oéha i

similar type rapidly followed (see Ling, 1984) until in 1972 this trend was

abruptly brought to a stop by Berendsen and Edzes (1973).

M AT G Y

Berendsen and Edzes (1973) pointed out that the disappearance of part a
of the Na¥ signal is not due to partial binding. Instead, according to them,
it reflects a 40-60 splitting of the Na*® signal when the Na' nuclei (which has
a quadruple moment) is in an electric field gradient. They then postulated ;
that the electric field gradient in living cells to be a diffuse one, spread
over domains of 100 £ or wider. To support their view, they showed that in
deteriorated muscle (deteriorated to such an extent that " it swelled') and i
in Dowex 50 ion exchange resin charged with Na+, the Na© signals show similar
40-60% behaviors as well as other characteristics. They based their argument

. + . . . .
on the assumption that all Na in Dowex 50 resin exists in a free-form,

much as the widely known theory of Gregor had predicted. They did not explain
how can a diffuse gradient over a space of 100 2 ve generated in Dowex 50.

Thus with a total anionic site density of 2 M in these resins the average

1/3
23)

charge-to-charge distance should be closer to (2 X 6.06 X 10 or 1.06 &

rather than 100 X.
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The present proof that the bulk of Na' in Dowex 50 is adsorbed shows
that the evidence Berendsen and Edzes used to support the diffuse electric

: : ; : X + .. ;
field gradient idea is wrong: countercation Na is in close contact with

"
e .

fixed sulfonate groups. The similarity they demonstrated in the NMR behavior é
of deteriorating muscle and Dowex 50, only established that Na® in the :
deteriorating muscle also existed in an adsorbed state. Whether this Na* E
was adsorbed on the proteins of the dead muscles or perhaps even in the _;
bacteria growing in the sample that had already produced the bad smell, re- E
mains to be determined. :i
b

4 - “

It is also appropriate to point out that in 1978 Chang and Woessner .

(1978) from purely theoretical grounds reached the conclusion that the elec-
tric field gradient required to produc; the NMR behavior seen must be a

great deal steeper than Berendsen and Edzes envisaged. In fact, they argued
that a reasonable estimate gives a gradient over such a short distance that it
is quite compatible with that of a Na® adsorbed on a negatively charged sité.
Ironically, Edzes, Ginzburg, Ginzburg, and Berendsen (1977, p. 733) themselves
seemed to have changed their early view and had suggested that the 40-60

split of 23Na and other nuclei in an electric field gradient can be the result
of " binding of an ion in a specific site.'" But this was not new either.

Lindblom (1971) long ago come to a similar conclusion.

These more recent development have fully restored our confidence that

NMR study of Na® and K™ was and still is an exciting and highly useful approach
to understanding the cell physiology of ions and that past conclusions concern-
ing the adsorbed state of Na¥ in living cells and model systems of Cope and

others are qualitatively quite correct even though quantitatively, the amount of

LI PR . -
PR L.Ji..,..'_..'. ‘wale

adsorbed Na*t might have been underestimated (see Ling, 1984).

A a4t AL —

A B TR S T A R W e -
E—— Y WRF WYL G, AU, ", UL R A T S




-------- Lot . o W el A A e el e A el A e c I v I e A A S A A A S T At I . it diard
et LI T S N A N Y. ac N A A

Ling et a., Pg. 11
- SUMMARY

- . + e ; .
o Using Na specific glass electrode, the free Na¥ concentrations in

;: solutions of Na polystyrene sulfonate (Na PSS) were measured. The data showed
iff at Na PSS concentration equal to or higher than 5%, 8C% or more of the Na®
f&; exists in an adsorbed state in the sense that Na© exists in close contact
A
) with the sulfonate group, one Na+ to one anionic site and that the degree of
'é} association increased with PSS concentration. Si;ce Dowex 50 ion exchange
:ii resins are cross-linked PSS at high concentration (40% to 50%) the present
w*
' finding showed that 23Na NMR can indeed determine the adsorbed Na~ in living
3; cells as was once believed though in a quantitatively incorrect way but
15 erroneously challenged. » - -
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LEGENDS 1
Figure 1 - The concentration of total Na® and free Na* in solutions of 1
Na® polystyrene sulfonate (Na+PS). The abscissa represents j
the concentration of NaPS expressed as percentage (W/V). The
ordinate represents the concentration of total Na” and free Na©
both in molarity. The free Na¥ represents that which was

detected by the Nat sensitive electrode.

Figure 2 - The fraction of Na® that exists in a bound form not detected by

the Na¥ electrode in different concentrations of Na' polystyrene

sulfonate.

Figure 3 - Fractional displacement of bound Na' in solutions of Na Pss (5%)
The ordinate represents the percentage of bound Na' that has been
displaced by the competing ions. The abscissa represents the

concentration of the competing ions. i

-

Table 1 - Effect of competing ions on the Na® electrode readings in
millivolts in solution containing 10-5, 10-4, and 10_3 M free
+

Na'. Competing ions were at concentrations 100 times higher than

the concentration of Na® present.
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Concentration of Na' (CN ) ©
Competing Ion (M) a S
(100 x ¢ () 1073 1074 10" i

i
None -81.6 -140.3 -195.1 ]»{
Arginine -81.9 -139.7 -192.8

Choline -83.4 -140.3 -195.2

Guanidine -83.7 -141.3 -196.1

Lysine -82.5 -141.5 -203.5

TABLE 1
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The Association-induction hypothesis
A theoretical Foundation Provided by possible beneficial Effects
a of a low Na, high K Diet and other similar Regimens N
P S ST in the Treatment of Patients suffering from debilitating llinesses '
i T N .
\',.r'
G.N. LING
' - Department of Molecular Biology, Pennsylvania Hospital, Philadeiphia
Eiéments d'une thdorie explicative des eflets bénéfiques du régime pauvre en Na et nche en K ’
et de ses analogues, dans le traitement de sujets souffrant de maladies débitantes. =

Aprés un bref rappel de lhistoire de ia physiologie cellulare cet article résume quelques argurments qui rendent aujourdhui I'hypothése
conventionnelle, largement enseignée, de Ia pompe mermbranaire insoutenable. Une autre théorie, I'hypothése association-induction (Al hypo:hesis)
es! présentde avec les 6iéments théoriques qu'elle apporte pour comprendre les effets bénéfiques d'un régime pauvre en Na et riche en K,
ou autres comparables, pour le traitement de sujets souffrant d'une maladie débilitante.

I
in 1805, thirty years before Schleiden and Schwann's pro- Perhaps the failure of the atomic sieve idea, first suggested -
nouncement of the Cell Theory, Lorer.z Oken, in his monog- x by Traube and later revived by Boyle and Conway (1941) might X
raph "Die Zeugung® (The Creation), clearly described fiving be partially responsible for the increasing acceptance of the N
cells as the basis of life. The living cell in turn, according to  lipoidal membrane theory of Overton (1896). According to this -
Oken, is made of “Urschiein”, which Jater was named “protop- X view, the cell membrane is not colloidal in nature as Traube's
lasm". copper ferrocyanide ge! is, but is a fipid sharing basic proper-
. ties with olive oil, for example. Solubility in the lipoid membrare
* in this hypothesis determines the relative permeability of a par-

rhe si ears later Moritz Traube (1867) discover .
Sorhe sixty y { ) discovered an ticular soiute.

artificial membrane made by mixing copper sulfate with K ter-
rocyanide, which fike living membranes was semipermeable,
i.e., permeabie to water but not to ions. sugars. and other sol-
utes. Using the copper ferrocyanide membrane as a model,
p'ant physiologist Withelm Pfetfer (1877) proposed the mem-
. = brane theory which was o dominate the yinking of biciogists
r-  for fully a whole century to come. Traube offered an “atomic
sieve” theory to exptain the semipermeability of the copper fer-
rocyanide membrane. That 1s the membrane has pores just big
enough to allow the passage ot water molecules but not the
farger sugar and ions, etc. Later electron and x-ray diffraction
studies disproved Trauvbe's theory. The interstices (100 to
200 A) are much bigger than solutes to which it is impermeable
(e.3.. sucrose, 5.4 A) (see Gla:ssiong, 134€).

In years following, especially after the advent of radioactive
tracer technique. it became clear that the living cell membrane
is not just permeable to water but is also permeable to a host
of other soiutes dissolved in water. The most surpnising of this
new revelation concerns the permeability of sugar, free amino
acids. and Na~ (salt), which at high strength cause sustained
cell shrinkage and had therefore been long considered as im-
permeant. The discovered permeability of these sofutes posed
other questions.

» ]
1.
o

[2
]

It the cell membrane is permeable to a particular solute. cne
expec's that over a long penod of time, this solute wou'd reach
and be maintained in the ce« water al the samie concentraticy
as that in the external medium. Yet old cells as well as young
cells share the striking characteristic of maintaiming the same
high level of K* and the same low ieve! of Na~ in the cell
water while the aqueous environment in which these cells are
bathed contain as a rule a low ‘evel of K™ and a high leve!
of Na~ (Figure 1).

L]

4 s

Y B
44,
PR RS

A contemporary of Traube, English chemist Thomas Graham
introduced colioidal chemistry. Graham (1861) stated “As
gelatine appears to be its type, it is proposed to designate sub-
stance of the class as colloids (KOAAOo, glue} and to speak
of their peculiar form of aggregate as colloida’ condition of mat-
ter". Graham noted two characteristics of the colloids: siow dit-
tusibility and a gelatinous consistency when hydrated. Among
the colloids that Graham discussed was copper ferrocyanide

S

To meet the new chalienge, the Na pump hyocthesis was

gel, the substance that is nearly pertectly semipermeab‘'e when
cast in the form of a membrane as Traube did.

suggested and in due time accepted by many scientists. In this
hypothests the low level of Na~ was achieved by certain de-

vices in the lipid cell membrane called pumps. These Na
pumps continually extrude Na~ from the cell so that a iow ievel
in the cell of this ion is maintained in spite of its constant in-
ward diftusion into the cells (Dean, 1941).

The recognition of cells as the basic unit of life implies that
living matter is not a continuous mass but consists of separate
units. This discontinuity betwwen cell and cell as well as the

e
'
o W'
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discontinuity between cell and its agueous environment is
selective in a subtle manner. Thus from the earliest days of
biology. it waé recognized that water can move in and out of
cells with relative sase. The near-perfect semipermeabie prop-
erties of copper ferrocyanide gel membrane was thus at one
time considered to be duplicating the properties of all living
cefls.
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At first glance, the Na pump concept seems reasonable
enough. There is no question that N2~ can be !lransporied
against concentration gradient as across certain specialized tis- - -
sues such as frog skin an yntestinal epithetium. The question¢ .’
that must be answered is, “Is there enough energy to operate -
tha nimns for all living cells?".
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F'gure ' - The assymetrcal cisirtuton of K* and Na* between living

ce''s (frog muscie) and i's environment, the plasma.

To move a mole of positively charged Na™ from the ce!ll in-
side 10 the outside requires the expenditure of energy, in order
1o overcome the untavorad'e elect-ochemical potential gradient
rue to the hipher concentration of Na“™ in the outside medium
than.the cell and the<eellulat resting potential which is positive
on the outside. The potanty and magnitude of the electrochemi-
cal gradent aiso dictate that wirtually all the outward Na*
movement has to be due to active pumping it the basic as-
sumption of free K* and free water in the cell are taken as
correct (see below). By labelling intracellular-Na~ with radioac-
tive tracer, the minimal energy need of the Na pump couid
be caicu'ated from the efflux rate, the resting potential and the
intra-extraceliular Na* concentration ratio. While early work
suggests that the Na pump would consume only a not un-
reasonable amount of energy (Levi and Ussing. 1948) a more
stringently controlled study led to an altogether ditferent conclu-
sion: the Na pump. alone would consume from 15 to 30 times
as much energy as the cell commands (Ling, 1962).

Both the basic finding of Ling that the efflux rate Na™ from
frog muscles was not affected by the arrest of both aerobic
and glycolytic metabolism (Keynes and Maisel, 1943. Convay,
Kernan and Zadurnarsky, 1961) and the findings of excessive
energy need for the pumps (Jones, 1965, Minkoff and Dama-
dian, 1973) were repeatedly confirmed. Three remedial
hypothesis: exchange diffusion, Na* sequestration in open sar-
coplasm reticulum and nonenergy consuming Na pumps were
each experimentally disproven (for review, see Ling, Walton
and Ling, 1979). = U e

4 e s

If we take on the sealistic task 1of:t?1e cell provide, energy

. 10 operate not just a Na pump but a long and steadily leﬁgthen-

N tionally intact. Yet it does not pump Na™ outward and K* in-
“Ward in the presence of ATP and thus recreate the K* and

A ,-" Les BT sehCr U’H"T\ sy i |
) ‘ N i I
ing list of other pumps beside the Na pump, the tinding of ex- " I
\ cessive energy need of the Na pump alone, in my beliet, is "\
. enough to disprove the pump hypothesis. Apparently only A k i

few scientists shared this view with me at that time. However,
as time went by, other new evidence have been accumulating
also against the membrane-pump concept. Several of these
will be briefly mentioned: (1) Squid axon membrane sheaf with
the axoplasm removed remained anatomically as well ag’ func-

Na*"distribytion pattern seen in normal squid axons as the
membrane pump hypothesis predicts (Ling, 1965, Ling and
Negendank, 1980); (2) Frog muscle cells whosé ‘celi mem-
brane (and postulated pumps) is made non-functional by being
partially amputated and partiaily suspended in air and thus de- .
prived of “sinks” or “sources” for the pumps can nevertheless
accumulate K* and exclude Na™ in its cytosplasm much as
intact cells do (Ling, 1978) ; (3) There is gathering evidence
that lipids in the cell membrane do not form a continuous layer

but exist only in pocket,or “islands”. Anatomical evidence for S
this view was provided by the inditference of the trilaminar
structure of unit membranes to removal of 95 % of membrane

lipids prior to fixation (Fleischer and Stoeckenius, 1967 ;
Morowitz and Terry, 1969) ; by careful procedures to prevent
membrane protein denaturation (Sjdstrand and Bemhard,
1976) and by the failure of specific K* ionophores, valinomycin

and monactin to increase cell membrane permeability to K*

while a model membrane of continuous layer of natural or syn-

thetic phospholipids increases its K* permeability by several - ,’.\_
orders of magnitude,.on"response to these agents (Stillman, "y,
Gilbert and Robbin, 1970 ; Maloff, Scordilis et al., 1978 ; Ling

and Ochsenfeld, 1978 ; Jain, 1972} ) (4) Unanimous evidence

from three different laboratories across the world using at least

three different methods that the bulk of intracellular K* is in

an adsorbed state, thereby directly contradicting one of the

basic tenets of the membrane theory, i.e., the major intracetiu-

lar K= as well as the bulk of intracellular water exists in the

free state. This subject will be taken up in more detai! again.

This powerful array of diverse and mutually supportive evi-
dence contradicting the membrane-pump theory, made it man-
datory to seek a new framework of thinking, a new paradigm
of the living cell such as that provided by the association-induc-
tion hypothesis (Al Hypothesis}.

The Physical State of lons. and Water in the Resting Living
Cells According to the Association-induction Hypothesis.

Contrary to the membrane pump theory, the major cation in
the cell. K= as well as the entire amount of water (excluding ,
that in vacuoles. etc.) in a resting normal living cell is in ar.
adsorbed state. K™ is preferentially (over Na*) adsorbed on
fi- and y-carboxyl groups of certain ceilular proteins while water
is adsorbed in polarized multilayers on a matrix of extended
protein chains (Ling, 1952, 1965 a, b. 1969, 1977 a, Ling, Miller
and Ochsenfeld, 1973) (Figure 2).

Thus the reason K* is accumulated to a higher level in the
cell than in the external environment is due to the preference
of the B- and v-carboxyl groups (under the condition of the liv-
ing. resting cells) for K= over, say Na“. The low level of Na*
in the cell is largely due to the reduced solubility of wate~ exist-
ing in the state of polarized multilayers for (hydrated) Na™ as
well as K*, sugars, and amino acids. However, the cell pro-
teins serving these functions do not do so always; they do so
only when they are found in the proper “environment”, conduc-
tive to the maintenance of the protein-ion-water assembly in
a resting high energy living state to be described next. This
"environment” includes the availability of ATP.
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TAEBLE :
Temperature was 25 = 1°C anc test !Lbes were agitated. excect in the expenments of E, wnich were -
carned out at 0 = 1°C and n which some test tubes. marked C. were quiescent and unstirres. S repre- .,
sents sacs shaken in test tubes at 30 excursions/min (each excursion spans 1 inch} except the first Pl {V ﬂo."s -
set (S°) for which agitation-was achneveo_ by to-and-fro movement of s._lhg:one—mboer coatec lead shot o / ,' v
within the sacs. The symbolv & and b ingicate that the media contained intially 1.5 M Na,SO, and 0.5 M 2 -
Na-citrate respectively. In D7 poly(ethyiene oxide) (mol.wt. §00.000) was dissolved as a 10 % (w/w) solu- «
tion, and the viscous solution was vigorcusly stirred before being introduced into dialysis tubing. in E, ~
the quiescent sampies contained more water. This higher water content accounts for only a minor parn
of the difference. as shown by comparison of the 6th and 7th sets of data: even with a larger water -
content, the g-value is lower in the stirred samples (6th). Na was labeled with 22Na and assayed with )
a8 y-=counter. (By permission of Physiol. Chem. Phys.). .
Concentration | Number | Water content B
Group Polymer of medium of (%) ¢-Valve . ~
- (M) assays (mean + SE) (mean = SE) -
(A) | Albumin (bovine serum) 15 a 4 81.9 = 0.063 {0.973 = 0.005 ).
Albumin (egg) 15 a 4 82.1 = 0.058 [1.000 = 0.016 o
Chondroitin sulfate 15 a 4 84.2 + 0.061 |1.00% = 0.003
a-Chymotrypsinogen 15 a 4 82.7 = 0.089 [1.004 = 0.009
Fibrinogen 15 a -4 82.8 = 0.12 |1.004 = 0.002
v-Globulin (bovine) 15 a 4 820 = 0.16 [1.004 = 0.004
y-Globulin (human) 15 a 4 83.5 % 0.16 (1.016 = 0.005 ;’T
Hemoglobin . 15 a 4 73.7 £ 0.073 {0.923 = 0.006 . -4
B-Lactogiobutin 15 a 4 82.6 + 0.029 (0.951 + 0.005 L
Lysozyme 15 a 4 82.0 + 0.085 |1.009 = 0.005 s
Pepsin 15 a 4 83.4 + 011 |1.031 = 0.006 -
Protamine 15 a 4 83.9 + 0.10 {0.990 + 0.020 o
Ribonuclease 15 a 4 799 £ 0.19 |0.984 = 0.006 =y
(B) Gelatin 15 a 37 570x 1. 0.537 £ 0.013 ”‘i
(C) PVP 1.5 a 8 61.0 £+ 0.30 ]0.239 + 0.005
(D) | Poly(ethylene oxide) 0.75a 5 81.1 £ 03¢ 0475 = 0.009 i R
05 a 5 892 + 0.06 |0.623 = Q.01
01 a 5 911 = 0.162 |0.754 = 0.015 -
(€) {PVP Q 02 » a4 89.9 = 0.06 [0.955 £ 0.004 'ﬂ
$° 02 & 4 87.2 = 0.05 |0.8€5 = 0.004 i
Q 05 b 3 833 =009 |07€8 = 0.012 - L
S 05 b 3 818+ 007 |0.683 = 0.007 ‘ j
Q 10 b 3 67.0+=026 (0428 =0012 s
S 10 b 3 66.6 = 0.006 |0.294 + 0.008 3
Q 15 b 3 56.3 + 0.87 [0.313 = 0.025 i
S 15 b 3 550 = 1.00 (0222 = 0021 e
P-Values of Na" in Water Containing Native Proteins (A), Gelatin (B) , -
PVP (C,E), and Poly(Ethylene Oxide) (D). o
e |
"1

The Living State and ATP

The physicat state of liquid water is different from that of
solid ice not because individual water molecules are ditterent
but rather because the relationships among these individual
molecules in a space-time coordinate are different. According
to the Al Hypothesis, being alive signifies not only just the
presence of the right composition of chemical compounds but
that they must maintain a special relation to one another both
sterically and electronicaily. The unique state is called the living
statesit 1s a high energy state in the same sense that a cocked
gun’ 3 bent bow, and a set mousetrap are in a high energy
state.

The maintenance of the high energy living state of the pro-
tein-ion-water system depends on interaction of the protein with

certain key compounds called cardinal adsorbents (Ling, 1962),
One of the most important cardinal adsorbents is ATP. This e
main product of metabolism, serves to energize biological work o
performance by electronic polarization of the protein molecutes
(Ling. 1877 a). The hydrolysis of AT by the ATPase provides
an effective and prompt means of removing ATP, thereby tip- )
ping the protein-ion-water system into a lower energy active b
state as exemplified by a contracted muscie. Energy is injected

into the system by ATP resynthesis and resorption onto the

cardinal site. A diagram which illusi-ates the interaction of ATP,

protein. ion and water is shown in Figure 3. Here interaction « ,’(

of ATP with the proteins molecules maintains the protein in . . -
such an electronic and steric conformation that K* is preferen-

tially adsorbed on the B-and --carboxyl chains and the L]
backbone NHCO group react with and polarize muitilayers of

water.
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Figure 2 - Diagrammatic illustration of a living cell. Regularly-arrayed
dots in the cells represent water molecuies existing in the
state of polarized layers. Random dots ou!side the cell re-
present normal liquid water. Emply circles represent Na™;
solid ane, K ~.

Figure 3 - Diagram of a portion of a protein molecule undergoing aulo-
cooperative transformation. For simplicity, adsorped water
molecules in multilayers are shown as a single layer. «~sha-
ped symbol represenis a cardinal adsorben!, from Ling
(1969) by perrmussion of Inter. Rev. Cytol.

Evidence for the Adsorbed State
of K* in Frog Muscle Cells

Since in voluntary muscie more than 60 % of the B- and y-
carboxyl groups are carried by myosin and since myosin is ex-
clusively found in the A band of the myofibriis, the idea that
p- and y-carboxy! groups adsorb K* demands that the bulk of
K~ be found in the A band (Ling, 1877 b). Furthermore, since
f- and y-carboxyl groups are also known 1o be the sites for
uranium binding in conventional electron Microscopic sections

©of tissue proteins, the theory aiso demands mat K* m stnated‘
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muscie cells be located at the same subceliular structure that
stains dark in EM pictures. Figure 4 A shows the stain of
uranium marked the concentration of 8- and v-carboxy! groups
on the edges of the A bands and the Z-line which bisects the
I band.
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Figure 4 - Electron micrographs of dry cut. unstained section of Ireeze-
dried frog sartorius muscle. A. Muscle fixed and stained with
uranium-lead by conventional procecure. B, EM of Cs *-ioa-
ded muscie without chemical fixation or siaiming. D, Same
as C after exposure of section 10 moist ar, which causes
the hitherto even distribution of thal.ium to form granular oe-
posits in the A band. E, Section of central portion of B after
loading in distilled water. F. Normal 'K ~-loaded” muscle. (A.
Partial reproduction of EM from Huxley (1953)) B to F, from

X Edelmann (1977} (By permission of Physiol. Chem. Phys.).

To test these expectations, the first obstacle to overcome
was to prevent K™ from dittusing away from its natural sites
of residence during the preparation of the electron microscope
section. This was accomplished by Edelmann (1978 a) with a
simple and very effective freeze-drying method he leveloped.
The second step was to replace the light K~ atom by more
dense ions so that they can be visible in the electron micro-
scope. Cs and Tl ions are electron dense; techniques had been-
previously perfected for the replacement of K* by these ions
in surviving frog muscle (Ling and Ochsenfeld, 1966, Ling,
1977 ¢). When these Cs~ or T!" loaded muscles were frozen
dried, imbedded and sections dry-cut, pictures like those

.shown i m qu@ 4B anq C were. obtmned bv Edeimann. To
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the last detail the picture is the same as the uranium stained
EM of fxed voluntary muscle shown as Figure 4 A. Thus
ciearly K* does not distribute evenly in the cell as demanded
by the memtrane-pump theory but is localized.

As mentioned above these findings have been completely
corroborated ip, two other laboratories with three difterent addi-
tional -diesent methods (Edeimann, 1977, 1978 b, 1980; Ling,
1977 b). Other evidence were aiso provided to demonstrate
that K~ does not merely exist as free-fioating counterion to
some fixed anionic site but is_one ion-to-one site specifically

ing, 1977 b, ¢). ;
(Ling. b.€) (?L orbee

Evidence for the Existence of the Bulk
of Cell Water in the State 3\ Sy
of Polarized Multilayers :

ST
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The establishment of the adsorbed state of cell K* demands
that the cell water cannot be normal for the following reason.
The resting cel! is in equilibrium with what is in essence a 0.1
M NaCl solution in which Na“ and CI" are completely dis-
sociated and water is.ip the normal liquid state. In the past,
the fact that cell K* @also exists at a concentration roughly
0.1 M led to the wide beliet thatK™, like Na™ outside the cell,
must aise be free. Thus osmotically, the inside of the celi is
a “duplicate” of what is outside the cell, both representing a
simple 0.1 M salt solution. The establishment that the intra-
cellular cation K* is not free but adsorbed has changed
the picture completely. That is, if K~ is adsorbed but water
is free, then the osmotic activity inside and outside the cell
would be quite ditferent. Water will rapidly move from the cell
to the outside and the cell would shrink drastically. Since this
does not occur, something else must lower the water activity
inside the cell. According to the Al Hypothesis, it is the matrix
protein chains that reduce the water activity by polarizing it in
multilayers. This is diagrammatically illustrated in Figure 5.

To test this theory, one must be able to prove that outside
the living cells, extended protein chains can indeed polarize
water in muitilayers. A corollary of this theory is that when pro-
teins exist in its native globular state in which the backbone
NHCO groups are locked in g-helical or B-pleated sheet H-
bonds there would be little or no multitayer polarization.

To test the multilayer polarization, we rely on the characteris-
tic of water in polarized muitilayers as suggested in the Al
Hypothests, i.e., water in tins state has reduced soludinty for
large and complex molecules. The top section of Table | shows
that when 20% aqueous solutions of 13 native proteins were

introduced into 1/4 inch dialysis tubing and dialyzed against

1.9 M Na,SO, soiution for a time period many times longer
than those needed to reach equilibrium, the Na* concentration
inside the protein solute and in the outside medium are indeed
mestly nearly equal. In other words, the apparent equilibrium
distribution coefficients of Na~, the p-values are equal to or
close to unity (Ling. Ochsenfeld et al., 1980).

In contrast to the near unity g-value of these proteins. the
¢-value of Na* in a gelatin solution is totally difterent. It has
a value of only 0.537. In other words. about halt of the water
is strongly affected by the presence of gelatin. This low p-vaiue
produced by gelatin is in full accord with the polarized muiti-
layer theory because the presence of the triad, glycine-proline-
hydroxyproline in gelatin (which is denatured collagen) pre-
vents the formation of a-helical structure. The chain-to-chain
H bonds in native collagen are largely dissolved during the de-
naturing process, leaving much of the backbone NHCO groups
directly ;1o bulk water, producing the expected and observed
Q-valueqowering.

That the gelatin effect on water solvency is not due to the
ge! state is supported by the even more pronounced effect in
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— REPULSION
— ATTRACTION

E NP TYPE F NP-NP TYPE

Figure 5 - Effect of charged site distribution on the stability of polanzed
multilayers of water molecuies: —e repuision, attraction

— « Unstable multilayers are produced in surfaces becau- X

se of lateral repuision benveen molecules in the same layer:
. (A) P-type site. cherged ocsinve ‘i (B P.yna aie, uni-
- formly positive; (C) N-type site, uniformly negative. Sratte,

. LW —~deep-iayers-of-water resurrrom—iaterai-conesion' (D) N-P

type. P-type surlace placed face to face with N-type surlace,
(E) NP-type surfaces with alternatng positive and negative
sites. (F) two NP-type-surfaces placed face to face (creates!
stability). (Ling, 1972) by permission of Wiley, interscience)

lowering the ¢-value for Na;SQ, of polyvinyipyrrolidone and of
poly(ethylene oxide). Neither forms ge! or coarcervates under
the conditions of the experiments nor can either one form intra-
or intermolecular H-bond due to the lack of H-donating groups.

The pronounced effect of poly(ethylene oxide) on water sol
vency 1s most remarkable. Its extremely simple structure and
the fact that its methylene and tnmethylene anaiogues do not
even dissolve in water and the copolymer of the methylene
and tnmethylene oxide with ethylene oxide have decreasing
solubility in proportion to the percentage of these non-water
soluble polymers (Stone and Stratta, 1967). All these led to
the conclusion that in order to produce the effect on water sol-
vency, the basic requirement is the presence of a matrix of
chains carrying oxygen atoms at distances approximately that
of two water diameters.
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Figure 8 - Effect of Ouabain (3.2 X 10" Mjon the Equiliorium distribu-

*
tion of K* and Na* 1on. Curves with open (Na~) and filled : .« o e
(K*) circies were equilibrium data from muscles not lreated \/ / S . =2
with ouabain. The pomt of intersection gives & Kiia—r, Of ,{
&. 100. inmuscies-treatec-withovabain (3.2 X-10=M, KN’—*‘~ = — . .
E . &—190. In muscles treated with ouabain (3.2X 10 ‘\ "; L -
|~ [

Kne—nx shifted to 21.7, from Ling and Bohr (1970) by perrms-
r\.uﬁ* h\l sion of Physiol. Chem. Phys

w\“ qu\m‘\ - Lﬁw‘tw J» mw TI1111

2% ,
where-%-> 0. Adsomtion of this latter type is called auto- ’ B

r Lo e

; cooperstive which signifies that each time Site 2 adsorbs a < e
,  K*, it wmill make the two neighboring sites prefer K~ more than |°

l it Site 2 adsorbs a Na™. It is autocooperative interaction that s ?

+ accounts for the kind of sigmoid shaped adsorption isotherm e l T 1 T T I
1 in oxygen uptake of red cells as well as in K~ (and Na™) upta- 74
' ke in a vanety of fiving cells studied {Figure 8, curves labeled

! zero ouadain). , l— . -2 ]
o Tne s'cmoid-shaped adsorption isotherm means that with the | Figure 9- A. Cooperative shifts between i and j states due to a change
intial change of the ratio of external K* and Na~. litle hacoens in the relative concentration of the i and j solutes in the
| untii threshald is reached at which point a small further increa- envronment. g c“f?e'a","e shn 7e?-ee£  and state due
| se ot the (K", [NaJ rato (95 e ses from an &1 Na state e rchang e Concentsions  permse
| 1o an ail K™ state. Similar sensitivity to small changes o! oxy- g , S
! gen tencs to permit red cells effectively to serve its functioyn of Annals of New York Academy of Sc'ences', |-
" of oxygen transport. The Na~—K* exchange curve, has the | S
same sicmoid shape as oxygen uptake curve of red blood | - - Vs
cel's. Oriy here this sigmoidity as suci' uoes not serve an ob- .\ ~ .1 _
| vious purpose because muscle cells are stationary and are not or {10
invcived in transporting of K* or Na* between different loci \ .
of the anima! body. Indeed the concentration ratio of [K~]e./ :
[Na~]e. in the natural environment of most living cells including | 5 st \ [ {s0 'g
‘ muscie are constant. Here somewhat more complicated me- X H \ ‘ 2
\ chanism operates involving the cardinal adsorbents. 2 \ : - c
R a -~
As shown in Figure 9A shifting between the two states 1 and Té¢ \ 160 ‘e
i{e.g.. K~ state and Na“ state) can be produced by varving | 73 \ 5 o
the -atio of K™(i) and Na“(j) in the external medium. in figure | $ < 2
88 shifting between the two states occurs as a result of the S &t ) — No* {e0 3 ’.,’
;gmidesorption'of the cardinal adsorbent. labeled C. Z T — ] 'E .
- T — €
From the preceding section. | have shown how in the Al 2} \‘-'_ﬁ\ e _d20 £ B
Hypothesis. the healthy resting cell 1s poised at a metastadle Sucrose i I
equilibrium state at which the cooperative assembly of protein- x o
water and ions are such that ATP must be present at a defined : e
'svei and amply replenished foilowing its physiological degrada- ° ' 2 s " ry e ©° L)
tion, and that K* (and not Na~) must occupy most of the f- (ATPI,n, (umeles/g ) .
and y-carboxyl groups involved and that water be maintained . umees’s o
in the state of polarized multilayers.
) . Figure 10 - Diagrammatic illustration of th f the K*, Na~,
‘F»guro 10, shows how the level ql ATP adsorbed and main- 9 andgsucroso conc,mrap,onos ,r', ,’,.,;‘Qf,',’gﬁ,'ug rr;uicles Iosma
lained n the cell critically determines the ievel of K* in a ATP by the action of 0.1 mM IAA at O<C. (Ling and Och- i-‘
medium containing the usual amount of K* and Na“~ (Ling and senteld, 1973} (by permission of the Ann. NY Acad. Scien- )

Ochsenteld, 1973). ces).
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. : The pore diameters of the “active” layer of cellulose acetate’

- ¥ membranes have been measured and shown to be 44 A
(Schuitz and Asunmaa, 19691 which is many times wider than
the diameter of sucrose {9.4 A) to which it is virtually imperme-
abte. Clearty like Traube’s copper ferrocyanide get membrane

~. 64 me i
.

(Koo =1 4
2

. E-1
e e
_ VE-TV¥+4Eexp(yRT) — .

A 4 ; where [K*),q is the concentration of adsorbed K* and is in /"
the selective permeability of cellulose acetate membrane is not nits of moles per kilogram aff fresh cells. (1] is the concentra- 5 ;
due to an atomic sieve either. According to the Al Hypothesis  yion of K= (and Na*) adsorplion sites, which according to the '/
and experimental facts, polarized water has solubility for solutes  a| [ypothesis, are the B- and y-carboxy! groups due to aspartic

A8 roughly in mvevsé'cpveg;essaonl.. lo molecule size and complexity.  5ng gitamic residues in the proteins. R and T &re the gas
@kt ">Thes"g paraliel n.diffusion coefficient in the polarized  congant ang absolute temperature respectively ’
water Then accounts for,\in my opinion, the semipermeable ’ i
selective permeability of the celiular acetate as well as y o
Traube's copper ferrocyanide ge! membrane. The key variables are £ and - — . belenanng
A major advantage offered by the polarized water mode! is 2 ¢ -
. that it offers a rational basis tor the cell permeability to ions . . - . .
- and nonelectrolytes as well as water to be under the control § is defined as follows for the K~ ~ Na*™ adsorption.
) ol hormones, and drugs known to affect cell permeability by ] —~ ~\ /
interaction with cardinal sites on the water polarizing surface = ™ (K=}, / >~ = 4 . (.\
proteins. . . T e v IS SN TN G
Leocoutatv ) -7 T NaTlex -t N (( - —."-" P
: e 3 . Tt i N KRk ~ % ifesok —
-mf;egénd the Maintenance -  —— - -
of the Normial High Energy Resting State of Living Cells where [K*]ex and [Na*),, are the equilibrium concentration of -
An important and qi.stinguishipg'(eature of the protein-ion- Ewand Niz u:ht:e e.:::rr;?é midlzmb;%srgw::r:z.tam for the
water system of the living cells is its internal coherence. That MN:':‘: K* exchange and is a :ure number. It is very important
i"’h to say, the syste;n beg_aves; at:' aAflggle #‘n" an& ofteg A o note that the same change of § can be .achieved by ggang-
ait or none manner. According to the ypothesis, this coher- ~ .~ " = ; " . : -
< ence is the result of what, in statistical mechanical terms is i:lgafimec;rtge :;?12?1 oi:"extemal K* and Na™ concentration [K]es/
X called cooperative phenonemon (Ling, 1962, 1969, 1980). ex 07 Dy Changing - e ,
. i . . / N R A L ¥
N Cooperative phenomenon arises from the presence of inter- / o S Cf i tgad ned b
- action between neighboring elements of the assembly. Thus = KRa—x. ™ D T 1Y
G

a piece of soft iron behaves cooperatively. The individual ele-
ments of iron atoms (domains of atoms) are each a little mag-
net. Under normal conditions these little magnets are randomly
oriented. Thus as a whole the soft iron is not a magnet. How-
ever, if this soft iron is brought into contact with a powertu!
magnet, then these individual domains become ariented in one
direction and the whole piece now behaves like a magnet.
Here the cooperative behavior is the consequence of magnetic

r

teraction in the living cells is an eiectrical polarization or induc-
tive eftect. Inductive effect through the parmhally resoratirg
polypeptide chains provides basis for cooperativity and the

cwsing at any,.region (allosteric interaction); inductive effect aiso
underiies the muitilayer polarization of layers of water

molecules. o~ 7,
olecules. 7 T

nation of hemoglobin. Here the uptake of oxygen with increas-
. ing oxygen tension does not follow the usual hyperbolic pattern

.. of an ordinary (Langmuir) type of adsorption. Rather it is sig-
N moid shaped and has been often described by a purely empiri-
cal equation, due to Hill (1810Q).

In 1964 Yang and Ling (Ling. 1964), using statistical
mechanical method, or more specifically the one-dimensional
Ising method. derived a cooperative adsorption isotherm based
on a mode! of linear chains of sites each of which may have
the option of two alternative adsorbents (e.g., oxygen
molecules or H,0 molecules; K~ or Na~, etc.).

Since it is now firmly established that the bulk of intracellular
K* in muscle cells is adsorbed and it has already been estab-.
lished that this K can be guantitatively replaced by Na™ by
‘merely lowering the K* level in the incubation medium, it
seems reasonable that here we are dealing with an exchange-
adsorption phenomenon. As such, one can apply the Yang-
Ling isotherm to describe the adsorption (Ling and Bohr, 1970).

. -

e -

v et ~

sensitivity of one segment of the protein chain to changes ec”

Famiiiar cooperalive behavior in living system is the oxyge-.\’ ¢l

g
~ 2 the nearest neighbor interaction energy describes the
adsorption. lt-2’—is negative, it means that the adsorpfion
3 -
\

~
of. say. a K™ at one site (Site 2) makes the two neighboring Y
sites (Site 1 and Site 3) prefer Na™ more, than if Site 2 adsorbs ~
a Na-. This type of cooperative interaction , called -
heterocooperative is of lesser importance than the case\'

interaction among the individual domains. /c-._,,.,q,:rt Comm - = .
B A Qo [ funTIE ER T fr_M
According to the Al Hypothesis, this basic near neighbor in-{h s mentioned above the c”"c.-_a_ para{ne ers ar 2 and '

5. The same effect on the adsdrptuon can be achieved -y sithe-

&agymg tre [K*]ex/{Na“le, ration or by changing the value of Yot

KRa—k. According lo the Al Hypothesis, this change of Kaa_«
is induced by a propagated inductive effect (or indirect F-effect) "

in conseauence of the desorption or adsorption of the cardinal ... -

adsorbent. —

_—

The cardinal adsorbent known to have such an effect in-
udes Ca~~, ouabain and ATP. Figure 8 illusirates the effeci_

of 3.26 X 10”7 M ouabain. Note that the K* as well as K* /.
curves simply moved aiong the axis without significant distor-
tions as z result of the ouabain action. Indeed at a fixed ration=
of [K~Jex [Na“]ex corresponding to that of the plasma. the effect

ot ouabain was 0 shift the sites f-om all adsorbing K* to all
adsorbing Na*~ a result of a decrease of I(N:_K. Removal of
Ca~~and ATP have guaitativelv similar effect as the addition

of ouaba:n in lowering the value of Kie_« and hence :.

These findings once more emphasize that the normal high *
energy resling state involves (1) ATP adsorbing at its cardinal ™.
sites. (2) K~ adsorbing on the - and v-carboxy! groups primil- <
ary at the A band and Z-lines, and (2) water existing in a State
of polarized multilayers with low solubility for Na* efc.

A theoretical Basis for Preserving the Heslthy Resting
Living State of Living Cells by Increasing the K* Concen-
tration and by Decreasing Na* Concentration In the
Plasma or Bathing Medium When Adverse Condition Sig-
nificantly interferes with the Supply of ATP,

——
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Figure 6 shows further that while native globular proteins do
not significantly affect water solvency for Na,SO,, denatured
proteins whose secondary structure was disrupted (by urea, or
guanidine HC!) develop simila reduced solvency for probe
molecules sugar and giycine ‘(at near neutral pH). Sodium
dodecy! sulfate (SDS) and n-propanol known to disrupt only
tertiary protein structure had no effect.
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Figure 6 - The ¢-values of sucrose (A and C) and the acpare=' mini-
mum “non-solvent” water (B and D) of rative a~¢ cerz'ured
proteins. C and D represent the averages of 15 p-cteins
studied: actin, albumin (bovine), albumiin (eec! choncromin
sulfate a-chymotrypsinogen. edestin, fibrinogen. :-g-ooulin,
hemogiobin, f3-lactoglobulin. lysoZyme. myosin. tryps:~ tryp-
sin intubitor. and histone. Values for the natve anc urea
denatured states were determined from all 15 proteins. gua-
nicine HC! values from proteins 2-11, 13, 14. SDS anc n-
cropano! values from protens 2-11. No signilcant o-value
. diference v-3~ cbserved (1 he naliva protein value whether
- it was determined from 15, 12, or 10 protemns. Incubating
" solutions contained Na, SO, (100 mM), glycine (10 mM), su-
crose (10 mM), and MgCi, (10 mM). In addition. urea (9 M)

v and guanidine ! (6 M), sodium dodecyl sulfate (01 M),

! and n-propanol £2 M) were present as indicaled. Incutation
at 25 + 1°C lasied Irom 28 to 96 hours, a sufficient time
to establish equilibriumn. The test tubes were shaken (30 ex-
cursions per min., each excursion measuning 3 4 inch; Wa-
ter contents were assayed b/ 3 diferent methoc's (see lext):
sucrose was labeled with 'C or H, extracts were assayed
with & B-scintillation counter. (Ling et al . 198C; by ce-mis-
sion of Physiol. Chem. Phys )

These findings showed that extended protein chains and

antly reduce the solvency for Na~. sucrose and glycine. solute
usually excluded to various extents by living cells. The cata
aiso show clearly that proteins can exist in either a water soi-
vency affecting state and a wayrer, solvency indifferent state.

ved <eor {oxygen site shows multiayer polarization (Ling,
Ochsenfeid et al., 1980). The question may be raised. “Is the
number of water molecuies whose solvency has been affected
large enough to compare with the number required 10 account

even the simpler oxygen-containing chains can indeed signific- 94

Detailed caiculations of the number of water molecules invol- ya

Y

-—

for the solute exclusion in living cells™? The answer is, there
is still some significant difference due to the disordered ar-
rangement of these polymers and proteins in the solution form.
in the cell environment, the matrix chairl can be expected to
be more orderly arranged. An orderly arrangement of the water
polarizing chain, favors effective polarization. Another point
worth pointing Jm is that the number of water molecuies layers
to be polarized in living cells is not nearly as extensive as
some readers wrongly construed from the Al Hypothesis. In
general one may estimate that the chain-to-chain distance to
be no more than 10 water molecules aparnt. Thus counted from
the basis of one chain alone, the layers polarized are only
some 5 or less water moiecuies deep.

Going back to gelatin, one recalls how 120 years ago,
Graham clearly recognized the uniqueness of gelatin and
named this condition of matter as gelatin-like or colloidal. No
molecular interpretation of this fundamental uniqueness of
gelatin has so far been offered. The present discourse presents
an-interpretation ot the colloidal state as that condition in which
the solvent, waler is polarized in multilayers.

Polarized water at the Cell Surface
in lieu of Lipid Layers as the Seat
of Semipermeability ) /~
. \
| have already reviewed the recent evidence against the
lipoidal membrane theory. What then comprises the continuous
selective, sernipermeabie barrier at the cell surface?

According to the Al Hypothesis, it is water in the state of

* polarized multilayers. In support of this view, it was shown that
a mode! membrane containing polymer oriented water (cel-
lulose acetate membrane) strongly resembles living cell mem-
brane (inverted frog skin.in it selective permeability to nonelec-
trclysis and water). The permeability of 11 hydroxylic com-
pounds (at three temperatures) through these membranes are

not just well correlated (r = + 0.96) but actually show near

perfect correspondence (Ling, 1973) (Figure 7): the slope of
the Dest fitting curve is 0.99.
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Figure 7 - Plot of the permeability to 11 hydroxylic cormpounds ranging
from water (1) to sucrose (17) &t 3 different lemperatures
(0o, 4, 25°C) of reversed frog skin agains! the permeabilty
of heat-treated celluiose-acelate membrane. Straight line
described by equahon shown in graph was obtained by the
method of least square (from Ling, 1973 by perrmssion of
Biophysical Journai).
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Thus as ATP becomes lower the cell system will tend to
be tipped over to the lower energy state where Na* is a¢-
sorbed and at least part of the cell water depolarized which
then also takes up more Na* as the g-value for Na™ rises.
Along with this, the cell also undergoes swelling due to the
enhanced affinity for Na* at the fixed anionic site under this
condition and the dissociation of the restraining salt linkages
essential for the maintenance of normal cell volume (Ling and
Peterson, 1977).

The best way to restore the system to health would be to
restore ATP to its normai vaive. This, however, may be difficult
if impairments of the metabolic chains are not within reach of
clinical management. in other words Kns—x Cannot be kept at
its normal high value.

Fortunately the critical determining factor between health or
debilitation_is not KRa_« but E. £ can be kept at normal level
even if Kia_« has been seriously diminished if one increases
the ratio of [K*]ex[Na"}ex in the blood plasma. Such a change

;'_-_'-'7'_«'_‘;'_.'_-‘~."‘ .'_v'.qau"."-.(‘_-"-_Q':d"_?_-.-__ .'_-‘T'\.‘;?.._- ..-_-_._L\?"_-.TV_ W@ L% | ¥ R Y TwTw T e T
e R — e

of plasma level of K~ and Na“ may be achieved for example,
by lowering dietary Na* uptake and by enhancing K* uptake
or by infusion with the solutions of proper K~ and Na™ concen-
trations °.
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* That the Agsociation-Induction Hypothesis may offer an interpretation
for beneficial effect ot jow Na* and high K~ diet was pointed out
by Cope in 1977.
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\. ' " The Association-Induction hypothesis.

A theoritical Foundation Provid’e%‘bxpossible beneficial Effects of a8 low Na. high K diet and other similar Regimens

in the‘Treatment of Patients suffenng frorn debilitating liinesses
G.N. LING ;
Agressologie, 1983, 24, 7 : ...-...
The articie began with a brief review of the history of cell physiology. followed by a summary of some compelling reasons why the conventional -
widely taught membrane-pump hypothesis is no longer tenable. An ahqmarive theory. the Association-induction Hypothesis was presented as N
well as the theoretical basis this hypothesis offers for possible beneficial effects of a low Na* high K* diet or other similgr regimens for the N
treatrment of patients suffenng from debilitating ilinesses. i
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Figure 4.

Electron micrographs of frog sartorius muscle. (A) Muscle fixed in glutaraldehyde
only and stained with uranium by conventional procedure. (B) EM of section of

freeze-dried Cs'-loaded muscle, without chemical fixation or staining. (C) T1*-

loaded muscle without chemical fixation or staining. (D) Same as C after
exposure of section to moist air, which causes the hitherto even distribution

of thallium to form granular deposits in the A band. (E) Section of central

portion of B after leaching in distilled water. (F) Normal " K-loaded" muscle.

A: from Edelmann, unpublished. B to F from Edelmann (1977) (By permission of

Physiol. Chem. Phys.)
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STUDIES ON THE PHYSICAL STATE OF WATER IN LIVING CELLS AND
MODEL SYSTEMS. L. THE QUANTITATIVE RELATIONSHIP BETWEEN
THE CONCENTRATION OF GELATIN AND CERTAIN OXYGEN- y
CONTAINING POLYMERS AND THEIR INFLUENCE UPON THE .
SOLUBILITY OF WATER FOR NA® SALTS

| S

G. N. LING and M. M. OCHSENFELD
Molecular Biology Depariment, Pennsyivania Hospital. Eighth and Spruce Streets, Philadelphia. Penna.
19107
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® The quantitative relationships between the concenirations of solutions of gelatin. poly-
vinylpyrrolidone, poly(ethviene oxide), polyvinylmethviether, and polv(ethylene giycol), and
their ability 10 reduce the solubility of water for Na citrate are presented. The daia in gencral
are in harmony with the polarized multilayer theory of protein (and polymer) dominated water

in vitro and in living cells.

INTRODUCTION

According to the membrane-pump theory,
cell water and ions are largely free as in a
dilute aqueous salt solution. To explain the
asymmetrical distribution of Na’ and other
permeant solutes, membrane pumps were
postulated. Extensive evidence now exists
against the membrane-pump theory. For
example, (i) pumps require an amount of
energy greater than that available* (ii)
closed membrane sacs without cytoplasm do
not generate and maintain asymmetrical Na’
or K* gradients,”® while cells without func-
tional cell membranes do;" (iii) in the mem-
brane-pump theory, the major intracellular
cation, K', must exist in a free state in order
to explain the maintenance of osmotic
balance anid the generation of a “membrane
potential™ recent evidence shows that cell K°
does no. exist in a tree state but is aasorbed
on specific sites on intracellular pro-
teins.}2391® While contradicting the mem-
brane-pump theory, these findings are either
in harmony with or directly support an alter-
native theory of the living cell, the associa-
tion-induction hypothesis.**5™%? Accord-
ing to this hypothesis, the high level of cell K*
is due to specific adsorption of this cation on
proteinaceous anionic sites (e.g., 8- and y-

carboxyl groups) and the low levels of Na'.
sugars, and free amino acids reflect a unitary
cause: reduced solubility in the ceil water of
these and other “large™ and complex mole-
cules and hyvdrated ions. Due to interaction
with a matrix of protein chains, called the
matrix proS'e?ﬁs — which are postulated to
exist throu@wout the cell interior of all cells
— the bulk of cell water exists in the state of
polarized multilayers. The postulated matrix
proteins in this theory must exist in an
extended conformation with their pdly-
peptide chain NH and CO groups directly
exposed to the bulk phase water. providing
anchoring and polarizing sites for multiple
layers of water molecules.

Recentiy reporied studies of severai model
svsterns lend support to this view. Proteins
which. for structurai reasons (e.g.. gelatn) or
in response 10 secondari-structure dreakers
{e.c.. urea. guamdine HCI), exist in an ex-
tended conformation. reduce the solvency of
the buik phase water for Na’ salts, sucrose,
and glycine. In contrast, many native globu-
lar proteins with their NH and CO groups
locked in a-helical or other intramacromole-
cular H-bonds are ineffective. Several
synthetic polymers resemble the postulated
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matrix proteins and also carrv oxygen atoms
at a distance roughly equal 1o two water
diameters from the nearest neighboring
Oxygen atoms and are unable to {orm intra-
macromolecular or intermacromolecular H-
bonds. These polymers, including polyvinyl-
pyrrolidone (PVP). poly(ethylene oxide)
(PEQ), polyvinylmethylether (PVME), and a
number of native gums, polysaccharides, etc.
also reduce water solvency for Na' salts,
sucrose and glycine."*"” In the terminology of
the association-induction hypothesis, a
matrix of extended protein chains with alter-
natingly negative (N) CO and positive (P)
NH sites is called an NP-NP-NP system,
while a matrix of polymer chains like PVP,
and PEO with only negative (N) oxygen
separated from each other by vacant (O) sites
is called an NO-NO-NO system.

These water-polarizing polymers provide a
way to produce experimental models of
water in a physical state (the state of polar-
ized multilayers) hitherto known only in
theory. The reduced solvency of water in this
state is highly relevant to the physiological
role of cell water in the maintenance of cell
solutes at physiological levels; it also makes it
possible to measure quantitatively the
minimal amount of water affected by the
polymer present. To date. our published data
on this subject have been presented only in a
piecemeal manner. The preivus commuaica-
tion presents in a systematic way the quanti-
tative relationship between the degree of
solvency change and the concentration of the
water-polarizing polymer present. Results of
studies of a new polymer, poly(ethylene
glycol) are also presented.

MATERIALS AND METHODS

The basic method used was equilibrium
dialysis by procedures described in earlier
work."!” Polymer solutions (20 to 40%) were
projected into Y% inch dialysis tubing and
incubated with gentle shaking in solutions of

A

various concentration of Na citrate labelisd
with 2. Incubation was, in most cases. at
25° = 1°C in a constant temperature room
for a length of time long enough to insure
equilibrium (2 to 3 days). At the conclusion
of the experiment, the labelled Na' content
was assaved with the aid of a vy-scintillation
counter and cxpressed as a ratio to the
labelled Na' concentration in the external
bathing solution, called the apparent equili-
brium distribution coefficient or p-value.

= Na’ concentration in the sac

o
Na’' concentration in the bathing solution

ST - T T .

The p-value of Na“ (as citrate) equals the true
cquihibrium  distribution coefficient (or g-
value) of Na’ when there is no adsorption on
or complexing of this jon with macromole-
cules and when the Na’ 1s entirely dissolved
in the water in the sac. The water content
within the sac and in the external bathing
solution were determined by weighing before
and after drving under vacuum in a 100°C
oven for PVYME, PVP, and gelatin and in a
60°C oven for PEO.

By definition. both the g-value and the p-
value are ratios of molar concentrations. The
molar concentration of the probe molecules
or ions in the bathing solution is casily deter-
mined by dividing the measured probe
content in moles by the volume of the solu-
tion. The molar concentration of the probe
molecule inside the sac is less simple since the
sac contains a high content of the polymer
under study. The method chosen to obtain
the molar concentration is to determine first
the molal concentration of the probe by
dividing the quantity of probe in moles in a
sample by its water content (in liters). The
molal concentration of the probe in the sac
thus obtained is then converted to the molar
concentration with the aid of the data given
in Figure | which presents the molal to molar
conversion ratios for the Na citrate and Na
sulfate at 25°C.
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The p-value determined was used to calcu-
late the amount of Na citrate in the sac,
which was subtracted from the total dry
weight of the sac content to yield by
difference the final polymer concentration in
percentage (w/w) in the sac.

To determine the molar concentrations of
Na citrate and Na sulfate prepared in molal
concentrations, calibrated Babcock “milk
botties” with thin and long graduated necks
were used (A. H. Thomas. Phila., PA).

Gelatin manufactured from pig and calf
skin was obtained from Eastman and {rom
Fisther Scientific Co.. Phila., PA. PVP was
from Sigma Chemical Co., St. Louis. MO..
(Mol. wt. 360,000). PVME (Gantrez M-154)
was in part a gift and purchased from GAF
Corp., New York, NY. PEO (Polyox 205®)
was a gift from Union Carbide, New York,
NY. [.-'\‘a"’.2 was obtained from ICN, Irvine. CA
(Lots 39 and 40) and from New England
Nuclear, Boston. MA (Lots 4771CG10 and
5812RG6). Poly(ethyiene glveol) (Carbowax,
PEG 20.000) was from Fischer Scientific Co.,
Phila.. PA (Lot 714-714).

RESULTS AND DISCUSSION

Figures 2. 3, 4, 5, and 6 present the p-
values for Na citrate in the presence of
different concentrations of gelatin. PVP,
PEQ, PVME, and PEG respectively. The
data on gelatin, PYP, PEO, and PVME are
those accumulated between 1976 and 1982
and include previously published data.'*"
The data on PEG are new.

Wnern compared on eguai weight
percenizge basis. geigiin was the least eiffec-
. tyve in recucing the water sohvency for Na
atratz. The most effective are PEG and
PVME with PEQO and PVP {alling in between
PVME and gelatin.

Figures 2 to 6 provide the data to calculate
the minimum number of water molecules
that have been affected by interaction with
the polymer at a specific concentration.
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Thus. if at a polymer concentration of, say,
206 the p-value for Na citrate is 0.5, then
(10.2) X 0.5)

0.2

of dry polymer has appeared to have com-
pletely lost its solvency for Na citrate. This
water has been referred to as the apparent
minima’ “non-soivent™ water (AMINOW).“

Since each of the po _mers studied contain
only one kind of monomeric unit and since
there are good reasons to believe that the
sites of polymer-water interaction are the
oxygen atoms present in each monomeric
unit. the minimal amount of affected water
¢an be more meaningfully expressed in terms
of the number of water molecules per oxygen
atom or per monomer unit of the polymer.
These monomess are

= 2 grams of water per gram

for PVP, (-3-) for PEG.
OH

0

(<cH -o-cuz-) for PEO, and

2

(CH-CH,-)
H 2

for PVME. with monomer weights of 112.15,
32.04, 44.05, and 58.08 respectively. As an
eaample, for wic cajculation of the molar
AMINOW., we chose a 20¢; PEOQ solution
with a p-value equal 10 0.5. In this solution,
there are 200/44.05 = 4.54 moles of mono-
mers each carrying one oxygen site. The
minimum number of water molecules
affected by each oxvgen site is then

555X (10.2X05 _
4.54

4.89. From the

smoothed curves of Figures 2 to 6 the p-
values and AMINOWS for all concentra-
ticns of PVP, PEQ, PVME, and PEG are
tabulated in Table |. We have no idea how
many of the NHCO groups in gelatin are free
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and not locked in “collagen folds@a'nd thus
made unavailable in reacting with bulk phase
water. Therefore we could not make a similar
estimate of AMINOW for gelatin.

Figure 7 plots the molar AMINOW at
different concentrations of the polymer. Note
that as. the concentrations of PEQ and
PVME increasy there is first a rapid rise of
AMINOW. followed by a decline. The rise
and decline are absent or less conspicuous for
PEG and PVP in the concentration ranges
studied.

Tre ion AMINOW at very low PEO @nd
PVME content suggests that the existence of
oxygen atoms on the polymer chain at right
distances apart 1s, by itself, an insufficient
condition for the maximum reduction of
water solvency toward Na citrate. It seems
that the polymer to polvmer relation may
play a role in the enhancement of the water-
solvency reducing effect. In the polarized
multilayer theory, the role of the chain 1o
chain interaction is to reinforce water polar-
ization as the chain-to-chain distance de-
creases. diagrammatically illustrated in
Figure 8. However, when the chain-to-chain
distance becomes too close (i.e., polymer
concentration too high), the number of water
molecules with “non-soivent™ properties will
decrease as the water molecules polarized by
one chain overiap those polarized by
neighboring chains. This decreased efficiency
may not only reflect duplication of the
polarizing effects but may also involve
mutual canceliation since in these cases all
polarizing sites carry electrical charges of the
same sign.

At a 7.5 concentration, the molar
AMINOW of PVME reaches a figure of
about 20. There are reasons to believe that
under favorable conditions the actual num-
ber of water molecules that an oxygen atom
of PVME can polarize may exceed 20 con-
siderably: (1) the polymer chains in our
samples must be highly random in distribu-
tion. Many oxygen sites are therefore too
close to other oxygen sites. and overlap of

D P R ",
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their polarization realms reduces the average
number of water polarized by these sites. In
support of this contention, Ling er. al.'®"
already showed that stirring. which tends to
line up linear polymer chains, decreases p-
values. (2) The AMINOW is an estimate of
the minimal number of water molecules
polarized. Since it is highly unlikely that
there is absolute exclusion of Na* from this
water, the actual number of water molecules
under the influence of each polymer oxyvgen
must also, for this reason. be higher. With

these considerations in mind, we are inclined

to believe that under optimal corditions a
PVME oxygen atom polariz s considerably
more than 20 water molecules¥ Regardless of
exactly how many more than 20 are ad-
sorbed. there seems little question that mult-
lavers of water are involved.

Let us next raise the question: If the
optimal spatial configuration of the PVME
molecules as seen in a 7.5¢; solution can be
uniformly maintained at a higher concentra-
tion, what PVME concentration would be
required to vield a g-value of 0 for Na citrate?
Let us represent this concentration as n¢c.

The total number of non-solvent water would

10 n

be 30 X while the total molar concen-
58.08

. . n
tration of water 18 (] — ——) 8585 All this
100
) . X n
waier is nonsoivent when (1 ~ —) §8.¢8 =
100

30 > 58.08. One caiculates that n is equai 1o
9.7. Thus. 1deally. a 9.7C¢ PVME should be
able to have a g-value of 0 for Na citrate. In
reality, the g-value of a 9.7% PVME is not
2ero but about 0.45. There are no doubts that
the random distribution of the chains play a
role in this loss of efficiency.

As mentoned earlier, PVP, PEO. and
PVME are all what are called NO-NO-NO
systems. Theoretically NO-NO-NO systems
are less effective than one like the NP-NP-NP
system of the extended polyvpeptide chains.
Here. the alternatingly positive and negative
sites of CO and NH group further stabilize
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the multilayer water structures.*” It may
well be expected that the postulated matrix
proteins in living cells may be so ordered as
to avoid any wasteful overlap of water polar-
ization as has been shown for the solutions of
svnthetic polvmers. In this case. perhaps less
than 9.7% of the matrix protein would be
needed to polarize all the cell water, even if
one completely ignores (i) the space-filling
and water-content reducing effect of other
non-matrix proteins and macromolecules in
the cell: and (ii) the weak but significant
water polarizing effects of some globular
, protcins.13 That only a small concentration of
: matrix proteins can polarize all the cell water
is necessarv in the polarized multilayer
theory of cell water.

Finally one would like to comment on the
ability of PEG to reduce water solvency.
Note that in contrast 10 PVP, PEO, and
PVME. each of the oxygen atoms of the
alcoholic group of PEG is placed between
two other simifar oxygen atoms on adjacent
carbon atoms in the (—CH—CH—). hack-
bone. This is in apparent contradiction to the
conclusion that to achieve a solubility
reducing effect, the oxygen atoms must be
separated by distances roughly equal 1o twice
the water diameters (as in the case of PVME
. where the oxygen atoms are attached to every
y other carbon atom on the hydrocarbon back-
bone). A possible solution to this apparent
contradiction may lie in the unusual nature
of the oxygen carrving groups. the alcoholic
—OH. Thus. we suggest that PEG. instead of
representing an NO-NO-NO system, actually
represents an NP-NP-NP system. Here the
lone pair cf electrons on the oxygen atom
acts as an N site very much in the same way
;llél the oxvgen atoms in the —OCH; groups
in PVME. The immediately neighboring OH
groups may then act as P sites analogous to
_ the peptide NH group. It is also well known
) that hydroxyl groups behave as stron@?
"' proton donog, as well as strong proton
| acceptor,® Other evidence supports the 1dea
o that PEG represents an NP-NP-NP system:

T

Ty ey

(1) the high eitectiveness of PEG in reducing
the solvency for Na citrate; and (i) the failure
of the AMINOW of PEG to undergo a sharp
drop even after PEG concentrauon has
reached as low as 2.57%.

The foregoing work was supported by NIH Grants 2+
RO1-CA16301-0) and 2-ROI-GM11422.13, Office of
Naval Research Contract NOOO14-79-C-0126. and
Pennsvivania Hospital General Research Support
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FIGURE |. The molal-molar conversion factor for
solutions of Na exrme amd Na sulfate.

FIGURE 2. The appatent equilibrium distribution
coefficient (po-value) of Na citrate between various con-
centrations of gelatin solutions in the bags and in the
external solution (37°C). The higher temperature was to
keep the gelatin in the same fluid siate s in other poly-
mers. For data at 25°C and 0°C see Ling er. al., +0&

FIGURE 3. The apparent equilibrium distribution
cocfficient (p-vaiue) of Na citrate between vanous
concentration of PVP solutes in the bag and in the
external solution st various concentrations of PVP
(25¢C).

FIGURE < Tno appares: ceouiibrium ciomibution

coeilient vomvaiuee o NG ¢

2ie Delwecn waler in the
vome of poivicthviene
o Qv ining didasig 330s &nG the water in the externai
solulions contaiming ro polvmers (25°Cy) Combined
results of 4 sets of experiments. Distances between dars
represent twice the standard error.

TIUsCTOT O vanang Jonge

FIGURE 5. The apparent equilibrium distribution
coefficient (p-valuc) of Na curate between vaning
concentration of polyvinvimethviether solutions in the
dialysis sacs and the external sotutions (25°C). The
initial Na citrate (or sulfate) concent:auons in the
bathing solutions were from S mM 10 1§ M and are
indicated in the figure. Combined data from 7 sets of
evpenments. Distances beiween bars represents tuice
the standard error. Points at low PV ME concentration
were given as i.ngle determinanions: the great variability
of the water an:' polymer contents made averaging of
these data undesirabile.

FIGURE 6. The apparent equilibrium distribution
coefficient (p-value) of Na citrsie between various
concentrations of PEG solution and the external
solutions (25°C).

FIGURE 7. The apparent minimal “non-yolvent”
water (AMINOW) to Na citrate n solutions of PVP,
PEO. PVME, and PEG solutions of different concen-
tratons. The molar AMINOW s given in average
number of Hi:O molecules per oxygen atom in the
polymer.

FIGURE 8 Diagrammauc illustration of the effect of
decreasing distance between extended protein chains or
model polished glass surfaces. N represents negatively
charged sites and P posutinely charged sites. NP-NP
sysiem represents two juxisposed surfaces (¢.3.. polished

glass) containing N and P sites with regular spacing like
a checkerboard. NP-NP-NP system represents an equi-
valent matrix of linear chawns carrving N and P snes at
regular intervals separated from each other by distances
roughly that of one water diameter. N and P may
represent the CO and NH groups of an extended protein
chain,
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TABLE L. The p-value and the molar apparent mimmal “non-solvent” water for Na citrate in soluuions of PVP,
PEO. PVME. and PEG of different concentrations.

Poiymer Content (Ce. w W) 2.5 5 2.5 10 Is 20 00w 0 60

Water Content (Cc. w W} 97.5 95 925 90 85 80 70 60 50 40

pXa-Cut —  —  — 08 072 063 042 030 0I3 0
PVP  AMINOW (average number of

H.O molecules per oxygen atom)  — - — 112 977 921 843 652 540 4.5

pNa-Ci, —  — 08 073 051 039 02 013 008 —
PEO  AMINOW (average number of

H.0 molccules per oxygen atom) — ~ 392 59 6% S96 445 319 228

oNu-Cnt — 089 050 045 039 038 022 0.11 0.08 -
PVME AMINOW (average number of

H:0 molecules per oxygen atom) — 670 199 160 11.2 852 S8 430 296

pNa-Ci, . 0.7 065 056 049 0.38 029 0.1s

PEG AMINOW (average number of
H:0 molecules per oxvgen atom) 135 118 9.66 817 626 S05 349




PSYSIOLOGICAL CHEMISTRY AND PHYSICS
AUTHOR'S GALLEYS

STUDIES ON THE PHYSICAL STATE OF WATER IN LIVING CELLS AND
MODEL SYSTEMS. II. NMR RELAXATION TIMES OF WATER PROTONS
IN AQUEOUS SOLUTIONS OF GELATIN AND OXYGEN-CONTAINING
POLYMERS WHICH REDUCE THE SOLVENCY OF WATER FOR NA’,
SUGARS, AND FREE AMINO ACIDS

G. N. LING and R. C. MURPHY

Molecular Biology Department. Pennsyivania Hospital, Eighth & Spruce Streets. Philadelphia. Penna.
19107.

e This conununication reporis our study of the NM R relaxation times, T\ and T, of water
protons in aqueous solutions of bovine serum albumin, gelatin, polyvinyipyrrolidone,
polv(ethylene oxide), and polvvinylmeihylether over a wide concentration range. In conirast to
solutions of gelatin and bovine serum albumin, the T,/ T; ratio of the three synthetic polymers
are close 10 unity over the entire range studied. When combined with earlier-reported data of
water made “non-solvent” 10 Na salis, :he present daia provided the basis fur calculating the T,
and T, as well as the rotational correlation time r. of the “non-solvent” water. It was shown
that only a modest reduction by a factor of about 3 of =. is enough 10 produce water that is
“non-solvent” for Na citrate and sulfate. The new data reconciles NM R daia of living cells with
the theory of the cell water given in the association-induction hypothesis. The variability of 7.
of “non-solveni” water also offers explanations of apparenily conflicting conclusions on the
physical siate of cell water from dielectric measurements.

INTRODUCTION

The development of the theories and tech-

the spin-spin relaxation time, also called Ta.
nigues of NMR spectroszopy opend ways of

The theory of NMR describes ili¢ magnituae

studving living cells never known before. One
subject of interest concerns the most
abundant and ubiquitous component of all
living cells: water. The central question is.
“Does the bulk of water in living cells exist as
free water as postulated in the membrane
(pump) theory?” or “Does the bulk of cell
water exist in the state of polarized
multilayers and suffer rotational as well as

diffusional motional restriction as suggested -

in a more recent theory of the living celly'the

.

19792 197969719818 Ling and Sobel.
197*55"‘ In testing these alternative theories,
a potentially useful approach involves the
measurement of the spin-lattice relaxation
time of the water protons, also called T,. and

association-indyction hypothesjs ;{Ling, . -
1965aCY 1965%; 196 %, ol 19

of Ty and T, as functions of the correlation
time (r¢) — which is the characteristic time of
the rotation of a molecule or the time of its
diffusion into its next position (Bloembergen
et al, 1948 Kubo and Tomita, 19545 Solo-
mon, l95§5f' When water molecules turn
freely as in liquid water. r. of the water
protons is short (2.6 X _10™? sec.) (25°C)
(Smith and Powles. 196695 in this case. Ty
and T; of the water protons are nearly equal
(see below). When water molecules freeze
into ice, the r. becomes much longer. Tz then
becomes much shorter than Ty

Since (Odeblad et al, 1956 made NMR
measurements of water protons in living
cells, much information on this subject has
accumulated (for review, see Hazlewood.
197‘}}3{ In general, it has been found that T,
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of water protons in living cells is considerably
longer than T2. often by a factor of about 10.
This differenc: ~etween T and Tz by itself
may be taken to indicate an “ice-like™ or
.quasi-crystalline structure of cell water.
However an examination of other charac-
teristics of cell water tells a different story.
Thus. the self-diffusion coefficient of water in
living cells differs as a rule from that of
normal liquid water by 2 _factor not more
than 2 (Ling et al, 1967 Ahetsedarskayva et
al. 1962 Mild et al, 1972 Finch et al,
197182 Tor review see Hazlewood. 197§L°)?’
while in ice. the self-diffusion coefficient of
water is one million times slower than that of
normal liquid _water (Eisenberg and
Kauzmann, 1969257 Therefore little doubt
exists that cell water cannot be literally ice-
like.

Taking into consideration these and other
findings. some workers in this field have
adopted the view that the bulk of cell water is
simply normal liquid water. The reduced T,
and T2 observed are seen as the consequence
of rapid exchange of this normal liquid water
with one or more small fractions of rotation-
ally bound or otherwise effectively relaxing
water molecules with much shorter T, and T,
(Zimmerman, and Brittin, l957(:"’/Cookc and
Kuntz, 197457

Now if the bulk of cell water is truly
normal liquid water, many “pumps™ must be
postulated for living cells (see Ling, Miller
and Ochsenfeld. 197851 in order to account
for the asymmetrical distribution of sugars.
Na® (vs. K'). etc.. between living cells and
their environments. Yet it has been shown
that the cell does not have enough energy 10
cope with even_one of the postuiated pumps
(Ling. 1962 Chapt. 87196522 79804355
Serious and probably instﬁmoumable as this
objection is. it is but one of a lengthening list
of evidence against the membrane-pump
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theory (Ling. 19778 19833 198363%

Clearly some other explanations must be
found in order to explain all the relevant
data.
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[n the early 70's when the NMR investiga-
tion of cell water was most vigorously pur-
sued. the polanized multiluver theorv was not
well known, nor was there a verifiable “test
tube™ model for this theoretically postulated
state of water. Fortunately the condition has
improved. First it was shown on theoretical
grounds that the polarized multilayer theory
does not imply a high degree of motional
restriction of the water involved. Indeed.
even large and complexed hvdrated mole-
cules and ions like Na' only need to be
reduced in their motional freedom by a factor
of .0 to account for the observed degree of
Na’ exclusion (Ling, 19792%. Simple model
systems have also been found in which the
bulk of the water does indeed exhibit
properties predicted by the polarized multi-
layer theory. including the ability to exclude
Na'. sucr and free amino acids (Ling et
al, 198029 BY. One recalls that it is the
maintenance of low levels of these solutes in
cell water that led first to the introduction of
the membrane-pump theory and then the
polarized 2ut_ila_vcr theory of cell water
(Ling. 1965b~.

The choice of solvency reduction as the
criterion for the recognition and detection of
water in the state of polarized multilavers
offers various advantages. Direct relevance
to cell physiology is one. Another advantage
lies in the quantitative information about the
affected water that the solute distribution
study provides. That is. the true equilibrium
distribution coetficient of a probe molecule
(or g-value) or the apparent equilibrium
distribution coefficient (or p-value) (Ling and
Sobel. l97§g)‘.’can tell us quite unambigu-
ously the minimal amount of the water that
has been altered by the condition or sub-
stance that brings about the multilaver polar-
ization. Studies of a familv of polvmers and
proteins has shed light on the mechanism
whereby these polymers and proteins chan
the properties of water (Ling et al. '980a!

17 Thus all the effectine ones contain
oxygen atoms at distances roughlv equal to
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that of two water diameters apart. They are
all “extended:™ the oxvgen atoms are not tied
up in one or ano:iher form of macromolecular
H-bonds and thus are available to interact
" with the bulk phase water.

Among the polymers that affect water
properties, gelatin has a long history dating
back to before Thomas Graham (186 u’f'\avho
used it to represent colloids. This unusual
protein falls into the cate %_rLof an NP-NP-
NP system (Ling., 197 its positively
charged polypeptide NH (P) and negatively
charged CO (N) groups are held in an
extended and exposed condition due to the
possession of many helix-breaking amino
acid residues: glycine,proline, and hydroxy-
proline (Veis. 1964 Chou and Fasman,
l973§f01her simpler water-polarizing poly-
mers include polyvinylmethylether (PVME),
polyvinylpyrrolidone (PVP). and poly(ethy-
lene oxide) (PEQ). all belong to what is
called an NO-NO-NO syvstem as these
polymers possess no P sites but only N sites
in the form of oxygen atoms with its nega-
tively charged two lone pairs of electrons.
The sites between each pair of N sites are
vacant and are referred to as O sites.

Following the recognition of the water-
property-aliering power of these polymers,
we (and others) conducted investigations of
several other physico-chemical attributes of
water in this unusual physical state. Besides
its -olvency-reducing effects already
mentioned (Ling &t al, 19802 b%Ling and
Ochsenfeld. 19839, other stu@gs&ncludethe
osmotic activity (Ling. 1983a} c\’“ﬁ swelling
and shrinkage (Ling 1980652 _]1983d%F.
freezing and thawing (Zhang and’ Ling,
1983%4; and quasi-elastic neutron scattering
(Rorschach. 1983%¥)." This communication
adds the results of our measurements of the
NMR relaxation times Ty and T2 of similar
polymer- and gelatin-dominated water and of

water in solutions of a protein that does not ~

have the solvency-reducing power. native
bovine serum albumin (BSA). A brief note
was, published earlier (Ling and Murphy,
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MATERIALS AND METHODS

Matierials. Polyvinyimethslether (PVME)
(Gantrez M-154%), Batch 185, was {rom
GAF Corp.. NY: polv(ethviene oxide)
(PEO). (Polvox-205), from Union Carbide.
NY: polyvinvipyrrolidone. PVP-360. from
Sigma Chemical Co., St. Louis, Lot 57C-
007!: and gelatin (Type I. approx. 300
Bloom), (swine skin) also from Sigma.

NMR relaxation time measurements.
Water proton NMR relaxation times T, and
T; were measured with a coherent CPS-2
NMR pulse spectrometer (Spin Lock. Liud..
Port Credit, Canada) operating at a reson-
ance frequency of 17.1 MHz. T, was deter-
mined with a 180°-7-90° pulse sequence: care
was taken to insure reestablishment of
equilibrium between readings by allowing at
least five times T; in betwegn readings (see
Farrar and Becker. 1971%f. T, was detér-
mined with Carr-Purcell spin echo methods.
The sample temperature was 25° = 1.0°C.

Preparation of paramagnetic ion-free poly-

~ mers. Al glassware -- inciuding Jiving

vessels and transfer pipets — which came
into contact with polymers, were acid washed
(concentrated HCI or aqua regia) and triple
rinsed in distilled water. A S5C¢ polymer
solution was prepared by floating drv
polvmer over water in a wide vessel and
allowing 1t to shake gently until dissolved.
Washed Chelex 100 resin (Bio-Rad.
Richmond. Calif.. 100-200 mesh, sodium
form) was added to the solution and atlowed
to shake with the polymer solution until the
solutions were free of paramagnetic ions (2-8
days depending on polymer). To assav for
paramagnetic impurities the solutions were
dried and the dry residues ashed at 600°C in
a muffle furnace. The T, of a dilute acid
extract of the ashes when compared with that
of the acid itself determines the presence or
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absence of the paramagnetic impurities. No much closer together. The T, T, ratios of !;:

_,, attempt was ride 10 remove oxygen in the solutions of these polymers as given in Table ; L
o~ sampoles. 2 are not that far different from pure water at o
j: : several pH’s in air and in nitrogen as given in i
RESULTS Table | (see ajso Meiboon et al, 195757 ; n:::"
' Meiboon. 196‘-‘3'.' Figures 10, 11, and 12 ! "'

Bovine serum albumin and gelatin. Figure
1 gives illustrative examples of plots of
In(A=-A7) against varying values of r for
solutions of purified bovine serum albumin
(BSA). gelatin as well as the polymers PEO.
PVP, and PVME. AAis the initial amplitude
of the free induction decay signal following
the 90° pulse at time r. A~ equals &Awhen r
— . As a rule, the data can be adequately
described by a single slope. equal to - (T;)"".
Figure 2 illustrates the Carr-Purcell plots for
the determination of Ta. The logarithm of the
echo height at time t, In A,, is linearly related
1o t also with a single slope, equal to - (T2)"".
With these methods the data on T, and T:
were obtained for solutions of BSA and
gelatin at different concentrations and shown
in Figures 3 and 4 respectively. The Ti's are
considerably longer than T, throughout the
entire range of concentrations studied. The
differences between T; and T are most pro-
nounced at the lower H;O contents where
both the T, and T; curves bend sharply. In
Figures $ and 6. the same data were plouted
as | 'T; and 1,/ T, against the HzO contents.
Note that in each case the 1. T, and 1 T;
abruptly diverge after the water content falls
below a certain value: 72¢¢ for BSA and 51¢¢
for gelatin. In general these data are close to
those reported earlier for isolated proteins
(Cooke and Wien. 19714 However. quanti-
tatively the curves for gelatin and BSA differ
considerably. At the same concentrations. T;
and T, of gelatin are much longer than those
of BSA.

PUP, PEO and PVME. Figures 7. 8.and 9
show the T, and T, values from solutions of
PVP. PEO. and PVME, respectively. The -
results differ markedly from those of protein
solutions. First. the T; and T: curves are

show nearly equal rates of spin lattice relaxa-
tion and spin-spin relaxation represented by
I T, and 1| Tz respectivelv. in marked
contrast to the widely divergent 1 T, and
| T of the two proteins shown in Figures 3
and 4. Table 2.

DISCUSSION

Earlier Interpretations of NMR Data of
Protein Solutions and “of Living Cells. The
theory. of Bloembergen, Purcell and Pound
(1948)PK ubo and Tomita (1954}¥'and Solo-
mon (1952}’-"’pcrmmed the calculation of the
relaxation rates (1/ T, and 1/T;) as a function
of rc at a specific field frequency. For water
protons in a magnetic field of (7.1 MHz (the
frequency of our instrument). the relation
between 7., T1 and Tz is illustrated in Figure
13. To be noted is that T, goes through a
minimum, the value of which varies with the
field frequency. At rc lower than that corre-
sponding to the T; minimum, T: and T: are
esseatially equal; above it, they diverge. As
mentioned earlier, the longer T, than the T
often observed for water protons in living
cells and in solutions of a variety of isolated
proteins have been interpreted as due to
rapid exchange between a minor fraction of
water protons with a very high value of 7.
and a much larger fraction with a much lower
r.. Thus if the rate of this exchange is much
faster than the NMR relaxation rates, then
the observed NMR relaxation time Tobs
would be a single value equal to the weighted
average of relaxation times in the n different
populaticns of water protons (Zimmerman
and Britten, 1953847

Tobl-1 = Pl TI‘X " (l)
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where P, is the probabiity of the water
proton being found in that specific ith popu-
lation with T ecual to To. Piis usually taken
to be equal to the size of the proportion of

‘water belonging to that population.

Cooke and Kuntz (1974) explained the
observed T, and T, of water protons in
isolated protein solutions at 1 to 100 MHz on
the assumption that the bulk of water is
normal liquid water (Tyvpe 1) with a 7. equal
to 3 X 107" sec. in rapid exchange with one
fraction of hydrated water (Type 1I) of an
amount equal to 0.3 10 0.6 g. H,O g. protein
with a 7. of 10® sec.. and with another
minute fraction (Tvpe I11) as little as 0.003 g.
H:0 g. protein with a rc of 10°® sec. They
then extended this conclusion to living cells.

Cooke and Kuntz's model of protein
solutions and living cells in fact maintains
that the observed T, is determined primarily
by the Type 1l water and the observed Tz by
the Type IIl water. This masking of the T,
and Tz of the large fraction of Type | water
by the relaxatons of the minor fractions of
water makes it difficult to learn much about
the nature of the bulk phase water in these
cases from the T, and T, data. Nevertheless.
Cooke and Kuntz did draw the conclusion
from their NMR studies that the bulk of

ater in living cetls 1s normal hquid water.
This conclusion was perhaps founded partly
on the similarity in the behavior of protein
solutions and living cells they studied. and
partly on the assumption that if the bulk
phase cell water is in the state of polarized
multilayers. its . would be much longer than
that of normal water and the T; and T; would
no longer agree with the values observed. The
data on the polvmerydominated water pre-
sented here leads us to conclude that this
assumotion is not correct.

Estimates of t. of Polymer-dominated
Water. PVP, PEO, and PVME are all long
linear chains of simlar bifunctional mono-
meric units joined end to end. There are no
polar side chains. hence no Type !l water.
Nor is there the basis for postulating the exis-
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tence of special sites that can powerfully
restrict the rotational motional freedom of
water molecuies as suggested for Type |}
water in protein solution (Cooke and
Kuntz)U7In agreement with these simple
facts. T: and T: of water in solutions of these
three pdlymers are essentially equal over the
whole range of polymer concentration
studied. much as they are in distilled water. A
comparison of the data with Figure 13 shows
that no significant population of water
protons could have r. much longer than that
corresponding to the T; minimum at 3 X {0°®
sec. Further analysis. to be described later.
shows that the r¢ i1s in fact much shorter than
this. )

Since sites that theoretically could produce
Cooke and Kuntz's Type Il and 11l water
cannot exist in these polymers, the reduced
T: and T2 when compared to those of liquid
water can be explained in only two ways: All
water at all polvmer concentrations is
influenced by the polymers: this is not im-
possible but rather unlikelv. A more likely
interpretation is that some water molecules
are significantly affected by the polymers and
the rest of the water molecules are normal
liquid water.

Even though from the viewpoint of the
polarized multilaver theory, there cannot be
sharp boundaries between water molecules
affected by the polymers and those that are
not. it is, nevertheless, convenient to assume
arbitrarily that water in the PVP. PEO. and
PVME solution can be divided into two
kinds. They are designated as polvmer-
altered water (PAW) and normal liquid
water. Our next questions are: (1) “What part
of the polymer molecules could have afiected
the water?” (2) “How much water 1s altered
by the polymer at each poiymer concentra-
tion?" and finally (2) “What s the correlation
time. r.. of this polvmer-altered water?”

1. What part of the polimer molecuies
alter the water” The structures of PEQ and
PVME are very simple: there are oniy two
tvpes of atoms or atomic groups: CH; and
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CH; on the one hand. oxygen on the other. 3. What is the rotational correlaiion 1ime .
There is no significant interaction between re of the polvmer-altered water? Once we .
saturated hydrocarbons and water; indeed it know how much of the water in a particular ;
is this lack of hvdrocarbon-water interaction concentration of PEQ or PVME is made -
that creates the so-called “hydrophobic non-solvent to Na citrate. we can calculate K
A

bonds.” This leaves oxygen atoms as the
primary seats of water-polymer interaction.
There is other evidence supporting this

the T, of this altered water from the mea-
sured T, of that polymer soiution by making
use of Equatior |. The fact that only a singie

PO

T, (and T2) was observed. justified “ ¢ nse of

conclusion. As an example, in his studies of
Si.)’L the rapid exchange model on which £Equation

amide-water interaction, Wolfenden (1978R
found that the peptide oxygen, not the NH | was based. For an illustrative discussion we
group, is the major site of interaction with may choose a 50¢c PEO solution. Here the
water. measured T, taken from the data of Figure 8.
and tabulated in Table 3 is 520 msec or 0.52
seconds. Since the un-degassed water mea-
sured with our spectrometer has a T, of 2.6

IENEN: ~ % S

Sh

2. How much water is altered by the poly-
mers at each polymer concentration? Due to
the masking effect of any rapid exchange of
magnetic energy among water molecules and
between water and non-water molecules or
atoms by spin diffusion. it is difficult to tell
from NMR data how many water molecules
in a complex system like a polymer solution
have altered NMR relaxation times. How-
ever. it is here that the property of solvency
reduction of the water is most useful. Thus if
a p-value of 0.5 for a certain probe moiecule
is demonstrated. at least 50z of the water
must be affected. In Tables 3 and 4, we have
included the p-values for Na citrate of solu-
tions of the two polymers PEQ andCbg.YME
from Ling and Ochsenfeld (1983} Also
cited in these 1ables are the estimated
minimal amount of polvmer-aitered water

sec, (Table 1), the average T, of the polymer-
altered water. represented as TP s
described by

092 . 008 _ I
T, A" 2.6 0.52 °

where 0.92 and 0.08 are respectively the
volume percentage of polvmer-altered water
and normal liquid water respectively. From
this equation. a T,"*¥ of 487 msec. is calcu-
lated. This and other data are recorded in
Table 3.

A survey of the T,"*" in Tables 3 and 4.
reveals that, as a rule, its value increases as
the percentage of polymer decreases. Based
on the theoretical curve of Figure 13, we also
estimated the rotational correlation time, 7e.
for the polymer-altered water. The r. values

(2)

of T\"*¥ given in Tables 3 and 4 range from
7.6 X 107+ second for 7.5¢¢ PVME to 4.88 X
10! for 50 PVME. Comparing these with
the rc of normal liquid water (3 X 107
second) one finds that (i) it is longer but only
by a very modest factor and (ii) the re for the
polvmer-altered water ranges from 3 to 19
times slower than the = of normal liquid
water. We caution that the precise values of
7. estimated must not be overly emphasized.

given in percentage. Thus at 50 concentra-
tion. at least 90¢; of the water of both PEO

and PVME solutions has lost its solvency for
h Na citrate. In 7.5 PEO solutions, only 13

of the water has been so affected while in
7.5¢¢ PVME 50 of the water has lost its
soivency for Na citrate. Moreover, the
altered water is not likely to have lost com-
pletely ats solvency. In that case. the per-
centage of polvmer-altered water will beeven

)
)

P
a, e

.
.

Lo 20 0n SxTRORG
Ve et
Y

[T

:‘1
5
1

.::;_ greater. N First. the exact values of const..mts used in

s computing the curves are subject to some l
N variation, Second. the theoretical curve of {
{

rotational correlation time we used refers

o 5 &
)

-'ic. B .
g
ad g

I3

»
- -1
U
- -
N d
L “
-
S e, "‘,' . c .. . A
a vt e - P M TR L I R . i
W N R S UL L T T S T = - . ”, y . . A * - N
O S S N W Sy PO G RL O S LI = 2 PP U WU R S S N Y ~




B B ST A art e v st Mg Sl A iy S S A B St e

onls to the intramolecular dipolar interaction
(T: aa.) while the obserneu longitudinal
reavation (T;) originates from both T; i,
and intermolecular interaction (Tiinten).
involving largeiy diffusional motion, Esti-
mates of from 25 (Abragam, 1961% p. 302)
10 as high as §0¢ (Emsley, Feeney. and
Sutchffe. 19659 Krynicsi. 1968) of the T,
of water proton may originate from the
intramolecular effect. Since

Tl'.l = Thm’.rl..I - Tl(mmnvl . (3)

by ignoring the intermolecular contribution,
we in fact somewhat overestimate the value
r.. But this error is not very significant in the
degree of quantitative accuracy we strive for
now.

A New Interpreiation of the NMR Data
Srom Living Cells. Up to now, major dis-
agreements exist on the subject of the physi-
cal state of water in living cells: From NMR
studies some investigators claim the bulk of
cell water 1s normal. Others objected to this
view because of the insutficiency of energy to
operate the membrane-pumps which the
normalcy of cell water inevitably demands
(for ful-discusswon on this subject. see Ling.
196275 1983834

As mentioned earher. part of the free-cell-
water conclusion might have originated from
an erroneous guess of what r. should be for
water protons in the state of polarized multi-
lasers. The expenimental demonstration
presented here shows that the = of water
fully able to exclude Na citrate may. never-
theless, be different from that of normal
water by a modest factor of 3. This modest
lengthening of r. opens the door toward a
new interpretation of the N MR data of water
in living cells.

First we must understand that the founda-
tion for the conclusion of normal liquid cell
water is of hmited precision and involves
assumptions that scemed reasonable but not
proven. Thus Cnroke and Kuntz est:mated

] .- . . - . e ‘.-.. .. - . < - - . .
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Type 1! water to range from 0.3 g. protein 10
twice that much. They also considered that
Type I water is thg non-freczable water.
Kuntz et al (196‘#3’ showed that the non-
freezable water in a BSA solut:un amounts to
0.4 g. H,O g. protein. It has long been estab-
lished that 60 gelatin does not_freeze even
in liquid nitrogen (Moran, 1926‘5’{gThus the
non-{reezable water of gelatin is 40. 60 = 0.67
g Hz%. protein. Comparing the two, one
concludes that a gelatin solution has much
more Type 1l water than one of BSA of equal
concentration. With more Type Il water, the
T, of a gelatin solution should be consider-
ably shorter than that of an equal concen-
tration of BSA.

Now Cooke and Kuntz estimated the
“intrinsic™ T, for Type Il water at 40 msec, a
value corresponding 1o a r. of 10 sec. At
this 7. value, T, is independent of the field
frequency (see Figure 13). Thus their data of
40 msec or .04 sec. estimated at 100 MHz can
be directly applied to our measurements at
17.1 MHz. Using Equation | we have for a
307 solution of BSA and a value of 2.6
second for T, of normal liquid water, a pre-
dicted T, for water protons given by:

1o H02x04)  02X04
T 2.6 0.04
T, = 426 msec. (5)

For a 20 gelatin solution,

I _ 1202 X066) _ 0.2 X0.66
—_— —,

T 26 0.04 (6)
T, = 275 msec. (7

Now let us compare these theoretical values
with those actually measured. An examina-
tion of Figure 3 shows that T, of 20¢¢ BSA is
620 msec, which i1s not a good fit of the
predicted value of 426 msec but perhaps
acceptable. A much worse prediction is that
of the gelatin solution. Thus T, of a 20
gelaun solution actually measured is not
shorter than that of BSA as predicted.
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Rather it is longer considerably, at 1300
msec!

Tais rather severe ciscrepancy between
theoreucal predictions and experimental
observations tllistrates first that the non-
freezable water may not necessarily be the
source of T: reduction in all protein solu-
tions. Second. we suspect that non-freezable
water may not be always equated with hvdra-
tion water U)polar side chains. (Bull and
Breese. 1968 Kuntz et al. 196995 Were it
otherwise, there should be no non-freezing
water in solutions of PEO. PVME, and PVP
at all. None of these polymers contains polar
side chains but they all show large amounts
of non-freezing water as will be described in

detail in a {g‘t'h-coming paper,&h\ar;i:d}
i 1983)) A

Fromg the data of Ling and Ochsenfeld
(l983)‘bone finds that the p-value for Na
citrate in a 205¢ gelatin solution is 0.87. If one
assumes that there are only two kinds of
water in this gelatin solution, “non-solvent™
water and normal liquid water. they would
correspond. respectively. to 13 and 87¢; of
the total water. Again using Equation 1, and
the measured T, of 1300 msec for a 20¢;
gelatin solution one finds that

1 _ 087 _ 003 &
13 26 T - )

and

TP = 0.300 second. 9)

A comparison with the T, of non-solvent
water in the PEO and PVME systems at
similar concentrations given in Tables 3 and
- 4 suggests that 300 msec may be too low a
. figure 10 be consistent with the PEO and
PVME data. That is. in promoting water

-
N
a

‘,.
N

X proton relaxation, gelatin may have in addi-

sy tion to what it shares with PEO and PVME,
something extra. What can this extra element

;f..:. be? Probably polar side chains.

N So we have come a full cycle back to the

:: polar side chains as a major source of -vater
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proton NMR relaxation in proteins. Indeed.
another compelling reason for its involve-
ment is the even shorter T, for :3_)\; BSA
solution. which Ling et al (19803\” b"“‘) have
shown to contain little “non-solvent water™
for Na sulfate. However the role of polar side
chains in causing water proton relaxation
may be more complicated than that of a
direct equation with hydration water of polar
side chains. Some specific polar side chains
or perhaps combinations of polar side chains
of the same or even neighboring protein
molecules may be more effective than others.
If we assume that water influenced by the
“polar side chains™ or “polar-side-chain com-
plexes™ has a T, of about 40 msec, one can
also make a rough estimate as to how much
of this water (x) exists in a 20¢; gelatin
solution, assuming that the non-solvent
water has the same T, as in PEO or PVME
solutions at an equal concentration.

- U013 013 L x
1.3 2.6 12 004}
x = 0013, (n

Thus only 1.3¢¢ of the water in the 20C¢
gelatin needs 10 be influenced by the “polar
side chains™ in order to produce a T, of 1300
msec in a 20¢; gelatin solution.

Now let us turn to living cells. From the Al
Hypothesis, the bulk of cell water would be
non-solvent to Na citrate: none or very little
free water exists in normal resting cells. Ling
also expressed the opinion that paramagnetic
ions associated with cell proteins most hkely
contribute ta.the water proton relaxation
(Ling. 19792'% Ling and Tucker. 1980—)% To
discuss NMR properties of water protons in
living cells some specific data are needed. We
cite the following: On December 26, 1980.
four pairs of sartorius muscles from four
male frogs were isolated. Using the same
instruments the T, measured was. for each
pair: 580, 600; 610, 610; 680, 690; 620, 640
msec. The mean £ S.D. was 629 + 38.7 msec.
The water contents were all close to 80¢.
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Let us lump ine fast-relaxing water asso-
ciated with paramagnetic ion-protein com-
plexes and inave associated with special
“polar side chains” of cell proteins and repre-

_sent their sum as v with a T, equal 10 .04 sec.

Again assuming the bulk of cell water to have
the same Ti as in a 205 PEO or PVME
solution (1.3 sec.). we have

Lo — 08y . (12)
0.63 3 004 -
y = 0.04. (13)

Thus only 4% of the muscle cell water
needs to be associated with paramagnetic
ion-protein ~ompiex and with special “polar-
side chains™ to account for the observed T, in
frog sartorius muscle while the bulk of cell
water is “non-solvent.” This single set of
figures has shown that it is possible to ex-
plain at once the NMR data and the low
levels of Na', sugar, free amino acids. etc.. in
living cells. without postulating an ever-
lengthening list of membrane pumps.

We now turn to another aspect of the find-
ings described in this paper. te., the vari-
ability of r. of the “non-solvent™ water and
the increase of r. with decreasing water
conter.i and :ncreasing polymer concentra-
tion. We shall demonstrate that this facet of
the present finding may help to clanfy some
other current conflicts of opiniens.

The Increase of Motional Resiriction in
the “Non-solvent” Water wuh [ncreasing
Polymer Concentration as the Basis for
Reconciling Seemingly Contradiciory Find-
ings of the Dielectric Properties of Cell
Warer. Studies of cells of Artemia cysts
revealed a dielectric constant of the cell water
distinctly different from that of normal liquid
water (Clegg et al, 198285 1n contrast. Foster.
Schepps. and Schwann | 1980)\"’ failed to find
significant differences in the dielectric
constant of water in isolated barnacle muscle
at 0°C when compared to normal iiquid
water.

LN - S B W AT SR VP W DRI Uy T

First we would like to mention that in our
experience \\ub barmacle muscies (Reisin and
Ling. 1673, the notation of the muscie celin
from the barnacle shell involies inevitable
cutting and severe damage of one end of
these muscles. This deleterious effect. which
tends to'spread, seems exacerbated by subse-
quent exposure to 0°C. It would seem that a
better alternative is to studv frog muscles.,
which come in intact form and are entirely
healthy at 0°C. However, even if frog
muscles were studied. it would not be alto-
gether surprising that the data do not com-
pletely agree with those from the study of
Artemia cysts for the following reason.

We have already presented some of the
reasons why the bulk of water in all tyvpes of

living cells would be “non-solvent™ to Na_;

citrate (for full account. see Ling. 1983b)%
Thus if the trend of decreasing 7. with
increasing water content and decreasing
polymer (or protein) content (Tables 3 and 4)
holds in living cells, then the much higher
water contents of barnacle or frog muscle
(80%) will predict a lower = for muscle water
protons than for those of Artemia cysts,
which had a water content of 50%. Since the

Debye rc:ational correlation time 4 is cqual -

10 2.5 r.. (Eisenberg and Kauzmann, 1967
the anticipated smaller difference in 74 of
normal liquid water may be easily over-
looked.

It seems fitting to end this discussion by
pointing out that the recent quasi-elastic
neutron diffraction studies of Artemia cysts
also led 10 the conclusion that the rotational

motioral freedom of water in these cells was. _

clearly restricted ¢(Trantham et al. 1983)&
Rorschach (1983)€ Jlso studied the neutron
diffraction of a 257 solution of PEO. which
was in fact asampiz {rom the same PEO used
in the present NMR study He found that the
PEQ solution stronghy resembles the Artemia
cvst. From Table ¥ one finds that at 35
PEOQ the esuumated 7. shouid be about |.60 X
10" sec
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FIGURE I. Plots of In ‘A‘x against 7. Ax s theimual amphitude of the iree induction decay signal foliowing
the 90° pulscattime r. AL s A s r = The data ilustrate that the plots can he illed with a single slope. equalto ~
(T} ". The concentrations were: BSA (10 0% gelaun (2.9477 ;- PVP (5.667). PEO (767, PVME (5.6

k-
F arr-Purcell plols of In Acagainst t where yls the echo height at ime t The data iHlustrate that the

5‘ 'l-{ .....*.e

plots can be fitted with a single slope equal to ~ (Tz) *. The concentrauions were: BSA (8.37); gelaun (8.0%), PVP
(9.3%). PEO (6.15). PVME (9.9¢%). 3

FIGURE 3. T, and T; of water proton in aqueous solutions of bovine serum albumin plotted against
their water contents.

FIGURE 4. T, and T, of water proton in aqueous gelatin gel plotted against their water contents.

FIGURES Plots of (T) ' (e)and (Tz) " {0} against the
water contents of different concentrations of bovine
serum albumin (BSA). Data same as in Figure 3.

FIGURE 6. Plots of (T;) ' (®1and (T2)"" (0) against the
water contents of different concentrations of zelaun gel.
Data same as in Figure 4

FIGURE 7. T: and T, water protons in aquc-rus solutions of polvvinyvipsrroiidone (PV P) against their

water contents.

FIGURE 8. T. and T; of water proton in agueous solutions of polv(ethylene cvide) (PEQ) against “heir

water contents.

their water contents, R =
; —_—

. = e S
FIGURB 10. Plots of (T:)) (& and (T, ' (o) aganst \,// I '7 S
e

the V/a\er contents of th;.,se-m«M,_._’ —

# A
FIGURE 10 Plots of (T ' gy and (T 101 against e

the water contents of ihe solutions of pobvinyipyrrob——""
done of different concentrations. Data saae as Figure 7.

. &
FIGURE 11, Plots o1 (Ty) " (o1 and (T.) " (o) agamst the water contents o poiviethlene cvider Data

same as in Figure &

&
FIGURE 12 Plots of (T:) ' @1 and (Ts) 501 against the water contents of v anious polvvins imethylether

soiutions, Data same as in Figure 9

CR R R e A PR T P .
“ s o - . . Nt e T . - «

Y CE
.« . - O . SN e s ot et . N
C NP SN APt P AR PO BREACAE P A N S
e oo By O o N Ry - QPGP S WO T

POy

.1:' S

. .
PO OY PN

. .
PV R LY ¥




R i e o g Y Al AR e e o |

4

T

-4

~-

- . 1{

- < R

o

FIGURE I3 Theoreucal curves of T; and T; of water proton at various rotational correlation ©.mes. +.. 1
calculated from the equations of Bloemberger. Purcel!l and Pound (193%) as moditicd by Kubo and Tomia
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where + 1s the magnetog) nc rano tegual 1o $ 585 for protons.\rs the Plank constant th 2= bas the
interproton distance. w, 1s the Larmour irequency (171 X 10° Hz for our instrument). The value of A =

‘ik used was 0.83 x 10 ;:
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TABLE 1. T, and T; of water proions of distlled
water at different pH's in air or nitrogen.

Distilled P k— T.
Water pH -
T.
Air 6.6 147
N2 6.6 1.52
Air s 2550 2150 12t }
N; 3s 1250 2700 1.20
Air 10 6 2600 2200 1.30
h Y 10.6 3328 1650 1.28

TABLE 2. The ratios of T; T, for BSA, gelatin, PVP, PEO. and PV ME at sarious water contents. To save space.
every 4th sct of data trom PV P and every second set of data from PEO were deleted. These deteted data aren essence
similar 1o those retained.

BSA Gelatin PVP PEO PNME
GHO T T, THO TV T, ST HO T T, “THO T T, T HO T, T,
9% 0 149 89S 163 90 7 110 959 1y 912 132
91.7 7 749 h a6 .41 90.8 .41 810 1.30
R6.5 128 593 167 764 1.27 §7 4 154 K] 1.27
92 R4} 472 929 69.9 1.06 | 1 40 689 119
00 s 424 £ 50 [ .28 T8 119 94 1.1}
590 1150 156 12.50 599 0.98 (LR | 48 a4 10!
M8 1300 48 120 63 120 By 1R
Wo 074 99 P20
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TABLE 3. The T:"** and =P*" of esimated polsmer altered water (P AW 10 PEO-waier svatem The amaunts ot
PAW were obtained irom the p-values for \a citrate ‘and were taken from Ling and Qcnsenfeld 119830 Metnod of
caiculations described 1n text

PEO

- Polimer

Content {7¢) 1.5 10 15 20 10 40 S0

H.0 Content e '

el 73 % %5 80 0 60 50

T msec) 2280 2110 1800 1540 110 780 520
).(}" 0.87 0.73 0.51 0.39 0.22 0.13 0.08
Mimmal pols-

mel;\al(ered

water (C¢) 13 h 39 6l 78 87 92

T.P " (msec) 1250 1400 1360 1220 947 707 487

e M (sec) LODXI0 921077 9.4x107™F  1.06x10"  1.36X10°7T 18IXI0OT  26TXI0F

TABLE 4. The T."*" and »™*" of esumated polvmer altered water (PAW) in PV ME-water system. The amounts
of PA were obtained from the p-values for Na citrate and were takearfrom Ling and Ochsenfeld (1983). Methods of

calculations described in the text.

PVME
-
Polymer content (7) . $ =5 10 1§ 20
H:O content (“})// 98 928 0 28 80
T. (msec) S 2100 2050 1950 1750 1540
o 0.89 0.50 045 029 0.34
Minimal polymer-
altered :ewn-\m«‘- i 50 55 61 66
T,PA% Tsec) 1824 1690 1620 1450 1270
A 1sec) 1.55x10 * Tex 10 T9%10 syx)o? 1 03x10
30 40 L0 A
20 60 S0 $u
1130 730 %0 o
022 0.11 UG8 gl
°% Ay 98 LR
975§ 670 461 6
1.33x10 " 1.93x10" 2.80x10" 480<10 !
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NMR RELAXATION OF WATER PROTONS UNDER THE INFLUENCE OF
PROTEINS AND OTHER LINEAR POLYMERS

G. N. LING and R. C. MURPHY

Department of Molecular Biology, Pennsylvania Hospital, Eighth and Spruce Streets, Philadelphia,

Pennsylvanmia 19107

The concept that water in living cells may
exist in a physical state different from that of
normal liquid water'” stimulated consider-
able interest in the nuclear magnetic reson-
ance (NMR) relaxation times of water pro-
tons in living cells. 58 (for review, see ref. 9).
The low T and T3, as well as the high ratio
of T;!T: observed in living cells, led some
scientists to the belief that the NMR data lent
direct support to the association-induction
hypothesis. according to which all or nearly
all cell water exists in a state of polarized
multilayers (PMW).

Subsequent investigations, however, led
many to a different conclusion. It was argued
that the short Ti. T; and high Ti/7: ratio
reflect only the properties of a minor-phase
water in rapid exchange with bulk-phase
water, which is simply normal liquid
water.” "

It is gratifying to note that these efforts
aimed primarily at solving a basic science
problem have already led to the recognition
of one fundamental attribute of cancer'’ and
the development of a potentially powerful
tool for clinical medicine, the FONAR." In
both, Damadian played a major and critical
role.

A major difficulty in using NMR relaxa-
tion time studies to determine whether or not
the bulk-phase water exists in the PMW state
lay in the lack of recognized criteria by means
of which NMR proton relaxation times could
be used to differentiate normal water and
PMW. This lack of known distinguishing
NMR traits of PMW in turn reflected the
fact that at the time the PMW model was
proposed there was no readily available

- D T T S se T . e e e e T N -
R R I e Tt T e T S e L et et ST T e s .
A L A m' WG P R W YR LT ;LX‘:& PPy W

specimen of water firmly established as
existing in the polarized multilayer state.
Without an inanimate model, the assumption
that the major phase ccll water is entirely
normal liquid water became the more appeal-
ing, whereas in truth the “cover-up™ effect of
a minor phase rapidly relaxing water is so
powerful that the bulk-phase water may very
well have relaxation times quite different
from thsoe of normal liquid water and still
remain camouflaged.

Over the last few years, however, this lab-
oratory has succeeded in developing a simple
but efficient method of diagnosing PMW. By
use of that method, the existence of PMW
has been established as well as the conditions
that convert normatl liquid water into PMW,
Specifically, the method consists of exposing
water to a matrix of fairly closely placed
chains containing oxygen atoms. the dis-
tances between the nearest neighboring
oxygen atoms being roughly equal to twice
the diameter of a water molecule."** The
number of layers of water that can be effec-
tively polarized between chains is estimated
as falling below 10 molecules between a pair
of polarizing chains.

Among the water-affecting polymers
studied as matrices, the most intriguing is
poly (ethylene oxide) (PEO) (-CHz:—O-CHy),
because of its extreme simplicity; this poly-
mer has no side chains whatsocver. Other
effective polymers are polyvinylmethyl ether
(PVME), polyvinyl-pyrrolidine (PVP). and
gelatin,

We have now carried out a series of studies
of the NMR proton relaxation times of water
in highly purified polymer-water systems.
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Reserving the detailed data for a full presen-
tation elsewhere, we report here the following
basic findings:

(1) Both Ti and 77 of the polymer-oriented
water are considerably shorter than those of
normal liquid water, becoming shorter with
increase of polymer concentrations.

(2) The ratio T, ' T3, on the other hand, is
close to unity (1.0 to 1.4) in all concentrations
of PEO, PVME. and PVP solutions; it
resembles the 7y. T ratio of normal liquid
water at near neutral pH."”

(3) Gelatin solution like that of native
bovine serum albumin, shows a much higher
71 T; ratio at high polymer concentrations.

Taken as a whole, the data can be inter-
preted as follows: water in the dynamic state
of polarized multilayers does indeed suffer
rotational(and translational)motional restric-
tion' ® but far less than that seen in solid icc.
The correlation time, 7., for water effectively
excluding Na', sucrose, and glycine, is
estimated to be no larger than 3.5 X 10" sec
(25°C) and thus not more than 10 times
slower than that in normal water. 7° progres-
sively decreases with decreasing water con-
tent of the polymer-water system, reaching a
value of 10" sec at 20 to 357 water contents.
Since the Debye dielectric rotational correla-
tion time (rw) is equal to 2.5 7..'° '® the
corresponding 7.4 should be 2.5 X 10! sec. It
is interesting to compare this value with the
additional dispersion of wet lysozyme pow-
der with a g of 2 X 10 ' sec that Harvey and
Hoekstra'® observed when the water content
increased beyond 0.35 gig protein. This
water content corresponds roughly to the
limit of polar group hydration.” Therefore
the additional hydration referred to might be
largely due to polarization by the polypeptide
NHCO groups and thus would be polarized
in a manner similar to polarization of the
PEO-water system '

The Ty T; ratios were found to be quite
different in the two proteins studied. Here a
minor phase of more rapidly relaxing water
in rapid exchange with the major phase water
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can explain the different behavior of both
native bovine serum albumin solution, whose
water is essentially normal as judged by its
solvency for Na', sucrose, and glycine, and of
gelatin “gel”™ where water has reduced sol-
vency for these probe molecules.' 0

The foregoing work was supported by NIH Grant, 2-
ROI-CA16301-03 and 2-ROI-GM11422-13, an. by
Office of Naval Research Contract NOO014-79-C-0126.

REFERENCES

. G. N. Ling. The physical state of water in living cell
and model systems. Ann. NY Acad. Sci.. 125, 401
(1965).

2. G. N. Ling. Effects of temperature on the state of
water in the living cell. In Thermobiology. A.
Rose, Ed. Academic Press, New York. 1967, p. 5.

1 G. N. Ling. M. M. Ochsenfeld and G. Karreman.
Is the Cell Membrane a Universal Rate-Limiting
Barrier 1o the Movement of Water between the
Living Cell and Its Environment. J. gen Phisiol.
S0, 1807 (1967).

4. G. N. Ling. A new model for the living cell: A sum-
mary of the theory and recent experimental evi-
dence in its support, /ns. Rev. Cyviol., 26, 1 (1969).

S. G. N. Ling and W. Negendank. The physical state
of water in frog muscles. Physiol. Chem. Phys., 2,
15 (1970).

6. O. G. Fritz and T. J. Swift. The state of water in
polarized and depolarized frog nerves. A proton
magnetic resonance study. Biophys. J.. 7. 675
(1967).

7. F. W. Cope. Nuclear magnetic resonance evidence
using D;0 for structured water in muscle and
brain. Biophys., J., 9, 303 (1969).

8. C. F. Hazlewood. B. L. Nichols, and N. F. Cham-
berlain. Evidence for the existence of a minimum
of two phases of ordered water in skeletal muscle.
Nature, 222, 747 (1969).

9. R. Mathur-DeVre, The NMR studies of water in
biological systems. Prog. Biophys. Mol. Biol., 35,
103 (1979).

10. 1. D. Kuntz and W. Kauzmann. Hydration of pro-
teins and polypeptides. Adv. Protemn Chem.. 24,
219 (1974).

I, R. Damadian. Tumor detection by nuclear mag-
netic resonance. Science, {71, 1151 (1971).

120 L. Marx. Ihid., 210 (1980).

13 G.N. Ling, M. M. Ochsenfeld, C. Walton. and 1.
J. Bersinger. Mechanism of solute exclusion [rom
cells: The role of protein-water nteraction,
Phvsioi. Chem. Phys., 12, 3 (19%0).

-
L SN

) - LR TP e . oL e “e
P P VPSR PR S A . S RS, N

e tmaanmambie hoa oo

| [

b

Fa

PRSI 5y N

. '_/ljdin"l' degl

LIPS

o« Qs g5




G. N. LInG aND R. C. MURPHY

14. G. N. Ling, C. Walton, and T. J. Bersinger. Re-
duced solubuiity of polymer-oriented water for
sodium salts. amino acids. and other solutes
normally maintained at low levels in living cells.
Ibid.. 111.

15. S. Meiboom. Z. Luz, and D. Gill. Proton relaxa-
tion in water. J. Chem. Phys., 27, 1411 (1957).

16. D. Eisenberg and D. Kauzmann. Structure and
Properties of Water. Clarendon, Oxford. 1969.

17. R. Cooke and I. D. Kuntz. Annu. Rev. Biophys., 3,
95 (1974).

.

L’L’L"x,«."-.". L

20.

211

N. Bioembergen, E. M. Purcell, and R. V. Pound
Relaxation effects in nuclear magnetic resonance
absorption. Physiol. Rev., 73, 679 (194K).

S. Harvey and P. Hockstra. J. Phys. Chem . 76,
2987 (1972).

G. N. Ling. In Water and Aqueous Solutions.
R. A. Horne, Ed. Wiley-Interscience. New York,
1972,

(Received November 26, 1980)




IR
;
i
f
[
i
|

e

Physiol. Chem. Phys., 14 (1982)

.t

PRELIMINARY NOTE

DEVIATED CANCER CELLS

GILBERT N. LING and R. C. MURPHY

Pennsylvama 19107

Using SDS gel electrophoresis, we
examined the total protein contents of 14
types of mouse cancer cells (Kreb's, Reif-
Allen, P815, Hepatoma 134, P4132, 1.SA,
TA3, L1210, PI1081, Ehrlich., Meth. A,
15091A, Sarcoma 180, T241) and 5 types of
rat cancer cells (Walker 256, Yoshida hepa-
toma. Novikoff. AS30, Dunning leukemia).
We then compared those contents with the
cellular protein contents of normal mouse
and rat tissues (brain, muscle, liver, spleen,
heart, lung, nerve).

The results show, on the one hand, much
similarity in the kinds and amounts of pro-
tcins from the various types of cancer cells
although they derived originally from widely
different tissues. On the other hand, great
diversity is seen among the proteins from
normal cells, as to be expected. Eight of the
major polypeptide bands seen in all cancer
cells studied gave apparent molecular weights
of 34.000. 36,900, 46,100, 49,800, 57,000,
59.200, 69.600 and 92,500 daltons respective-
ly. All the cancer cells were what Potter’ calls
“maximally deviated” as indicated by their

week).

studied.
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APPARENT SIMILARITY IN PROTEIN COMPOSITIONS OF MAXIMALLY

Department of Molecular Biology, Pennsylvania Hospital, Eighth and Spruce Streets. Philadelphia,

The present results suggest that cancer
may indeed represent a cellular change to
either a single ontologically earlier totipotent
state or to a single new totipotent state. In
either case, apparently actively transcribed
genes specific to their parent normal tissues
are shut off and a specific assembly of genes
common to all cancer cells is transcribed to
produce highly similar if not identical cancer
cells regardless of their ancestry. 0

This work was supported by a rescarch grant from the
National Cancer Institute, 2-RO1-CA16301-04.
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Ivs SUMMARY

e At congtant external K* and Na® concentration, variation of external

5 Mg'™" concentration between 1.2 mM to 73.2 mM brought about no change of
the resting potential of frog sartorius muscles which remained constant

o at 88 mV even though Mg+ (as chloride and sulfate) penetrates into muscle

cells faster than K' (as chloride). The significance of these findings in

relation to current theories of cellular potentials were discussed.
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INTRODUCTION

A number of theories exist concerning cellular electrical potential,
among which are the membrane potential theory of Hodgkin and Katz,
first presented in 1949 (1), and the surface adsorption potential theory,
a part of the association-induction hypothesis presented first briefly in

(2) . cv (3-7)
1955 and later in greater detail in 1960, 1962, 1982, and 1983 .
Considerable experimental work has already been reported in the literature
aimed at testing the validity of both these theories and will be considered
later in this paper, under Discussion. This paper will present the results

of yet another investigation designed to provide additional factual guide-

lines for determining which theory is the more realistic one.

THEORY

I. The Membrane Pump Theory of Hodgkin and Katz

Details of this well-known theory will not be reiterated here. Briefly,
this theory of cellular potential is seen as a modification of the membrane
potential theory which was first clearly defined by Bernstein (8 « In Bern-
stein's original version of the theory, cellular potential is described as
an equilibrium potential; its maintenance per se does not demand continuous
energy expenditure. The discovery that Na+, long thought to be an impermeant

(9,10)

cation, is actually a permeant cation renders this version of the

membrane theory untenable. Partly to overcome this difficulty and partly to

incorporate their important discovery of the key role of Na® in the creation

<4

3

of the action potential (11),Hodgkin and Katz presented their own conception ﬂ
) -

of cellular potential, which though still retaining the basic characteristics ‘j
of the membrane potential was no longer an equilibr’um potential (1); main- ;;
tenance of this potential now depended on the continuous operation of an »
(12,13) D

energy-consuming pump . .
.
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‘V
- The Hodgkin-Katz model of cellular potential is described by the fol-
= lowing equation:
( ]
- ha
o PLKT], + P [Na'] + P [C17] ¥
_‘ v = RT 5, K - in Na - in Cl - ex | (1) 5
- Pl ] ox + PualNaloy * Pgylel ]y i;
(8
: J
;2 where PK’ PNa’ and PCl are the membrane permeability constants of the respec- .
;f tive ions; [K+]in, [Na+]in, and [Cl-]in are their intracellular concentrations;
: 1 - , (1)
and [K+]ex, [(Na ox’ and [C1 ]ex are their extracellular concentrations . fo
; R,F, and T are the gas constant, the Faraday constant, and the absolute temp-
3
- erature, respectively.
j~ The basic tenet of the membrane theory demands that all particles carry- 3
2 -
3 ing net electrical charges and capable of traversing the cell membrane contri- .
] but to the magnitude and polarity of the electrical potential. Thus, ideally, .
: the equation for cellular potential should incorporate all permeant ions found
4 .
xf inside and outside the cells under the condition when the potential is mea- g
B sured. The Hodgkin-Katz equation, however, deals explicitly with only three -
3
% fons: K, Na+, and C1-. The ubiquitous divalent Mg++ and Ca’' cations were -

[

v
NPT R

not included in this equation. Presumably, this omission was justified on

0
A
' 4

the grounds that the intracellular as well as extracellular concentrations

of Mg++ and Ca'™ were lower than those of K+, Na+, and C1~ and on the assump-

tion that these alkaline earth ions were also less permeable than K+, Na+,
- and C1~. However, unequivocal evidence that the divalent ions have a much
lower permeability is not available; indeed, evidence exists showing just
the opposite. Thus Tasaki, Teorell, and Spyropouios demonstrated that in
perfused squid axons the time constant of ca™ efflux was only 25 minutes

. (16)

while that of K* efflux was 8 hours . In other words, the membrane

. . " . . - - . . - . N .
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permeability is many times higher for ca’™ than for K*! oOn the other hand,

the earlier conclusion that Mg++ permeability is very low (15) was chal-

s - N
. ot
. .

lenged. Thus Ling et al (16) showed that the gain of external Mg++ in a high ::
Mg++-Ringer solution in frog muscle was complete within 20 min. even though E;
some of the muscles used were as thick as 2mm in diameters. Ei
g

In order to test the Hodgkin-Katz model, unequivocal knowledge about ;Q
Mg++ permeability is essential. Since similar data do not appear to be avail- is
able for Mg++, another purpose of the present investigation was to acquire ;

such information. If Mg++ should prove to be equally permeable as, for example,

K+

, the membrane potential theory would predict a substantial lowering of
the resting potential or even reversal of the sign of the potential when there

is a large increase in external Mg++ concentration,

II. The Adsorption Potential Theory According to the Association-Induction

Hypothesis

According to the association-induction hypothesis, the bulk of intracel-
lular K¥ is adsorbed on the %- and Y-carboxyl groups of intracellular proteins
@,7,17) and is not involved in the generation of the electrical potentials.

Instead, the potential is determined by the 8- and Y-carboxyl groups found on

a microscopically thin layer of cell sulface and by their preferentially ad- ?1
sorbed ions (2-4’6’7). f}
A

el

A. The Resting Potential LJ

Tl

Y

In this theory, the cellular resting potential is again an equilibrium :i
potential, the maintenance of which does not demand a continuous expenditure of ;£
L)

energy. Written in the simplest form possible, the cellular electrical -
k.‘_
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potential V is described by the equation:

v SR (R e Ry e ) (2)

where [f-] is the concentration of fixed anions on the microscopic layer of the

cell surface and K and KN are the adsorption constants for K* and Na+,

respectively, on the 9- and Y-carboxyl groups on the cell surface (2-4). As

mentioned earlier, this equation was first presented in 1959 and again in 1960

and 1962. A further theoretical development of this model was given in 1979 (18),

its experimental support presented in 1982 and 1983 (6’7’19).

B. Characteristics and Predictions.

1. There is no causal relationship between ionic permeabilities and
cellular electrical potential.
2. No macroscopic interface separating the membrane from the cytoplasm

has been recognized. Instead, only one discrete interface that separates the

cell surface from the surrounding medium is considered to exist. However, this
is not to say that another artificial interface may not be created, such as by
the removal of cytoplasm; in this case,no or little potential difference at
this artificial interface is expected if the exposed surface is amphoteric,
containing roughly equivalent concentrations of fixed cations and fixed anions
(6,7)

and if the pH is near the isoionic point

3. The major determinantg in the potential are the nature and density

of fixed anionic sites on the cell surface and the concentrations of ions in

the surrounding medium that can adsorb to these fixed anionic sites.
Experimental evidence exists showing that the predominant fixed charges

on the surface of frog muscle cells are indeed the P- and Y-carboxyl groups N

carried by the aspartic and glutamic residues of proteins: -
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.
:;j a. The K adsorbing sites of the muscle cell surface have a pK value
éﬁ. of 4.6 which is characteristic of the B- and ¥ -carboxyl groups (20).
‘2: b, The cell surface binds cationic uranium ions in EM sections of
:3 fixed cells. Recently, with the aid of transmission electron microscopy (21)
. and of autoradiography (22’23), dispersive x-ray microprobe analysis(za-26),
_;: and laser mass spectrometer microprobe analysis (LAMMA) (27), evidence have
Zé been presented suggesting that cytoplasm K* adsorption sites are the B- and Y-
f“ carboxyl groups which in fixed cell preparations may also bind uranium ions (see
N below).
2 There is reason to believe that ionic preference in adsorption varies
‘j: not only with respect to the nature of the fixed anionic groups, their c-value
;l (see ref. 4), but also with respect to their spatial distribution in relation
fzf to other fixed anions. Thus, isolated fixed carboxyl groups seem to prefer
‘;§ alkali-metalvions (cst, RbT, KY, Na', L1%) over the divalent ions Mgtt, ca'™,
B and Sr'f. As an example, oxidized collodion possessing a relatively low con-
i; centration of carboxyl groups (28) shows little or no tendency to adsorb
;i; alkaline earth ions; it does adsorb alkaline metal ions avidly (29). 4
1
;:3 On the other hand, when fixed carboxyl groups occur in closely placed .
2% pairs or clusters, increasing the probability of chelation, preference of the
;: carboxyl groups for the alkaline earth cations supersedes that for the alkaline
EE metal ions. As an example, ion-exchange resins with a very high density of
?a carboxyl groups prefer ca*™ and Mg++ over the alkaline metal ions (30).
i{i We may therefore expect that a high external concentration of Mg++ may or {
.;f may not have an effect on the muscle cell resting potential, depending on ;
:} whether the B. and Y-carboxyl groups on the muscle cell surface exist singly
‘;i or in pairs or clusters.
o :
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Fortunately, this uncertainty in prediction has already been resolved by

the earlier experimental finding that the pK value of the anionic sites of the
frog muscle surface is 4.6, the same as that of ' solitary" B- and Y-carboxyl
groups(lg). If a significant fraction were in pairs or clusters, the pK would
have been correspondingly higher (31’32). These considerations led us to con-
clude that the surface B- and Y-carboxyl groups are indeed solitary and show
little preference for Mg++. As a result, the prediction of the association-
induction hypothesis is diametrically opposed to that of the membrane pump theory

of Hodgkin and Katz, i.e., the resting potential is expected to be insensitive to

variations of external Mg++ concentration,
MATERIALS AND METHODS

All experiments were carried out on the isolated sartorius muscles of the
North American leopard frog (Rana pipiens, pipiens, Schreber) from Vermont and
occasionally from New Jersey. 28Mg was obtained from Brookhaven Laboratory, New
York (Lot 121779-7).

Resting Potential Measurements

Resting potentials of the sartorius muscles were measured using the method

described by Ling and Gerard (33).

Composition of Mg++-Ringer Solutions

To prepare a functionally " isotonic’ high Mg++-Ringer solution with varying

Mg++ concentrations but a constant concentration of K' (25.0 m4) and of Nat

(28.5 mM), two stock solutions were prepared: the high-Mg®' stock solution con-

tained 24.6 mM MgClz, 36.6 mM MgSOA, 2.5 ™ KC1, 1.0 mM CaCl 15.7 mM NaHCO

2’ 3) .

q

217 nM NaH,PO, , and 11.6 mM p-glucose in addition to 10% Kt-free GIB medium, :
penicillin (0.1 mg/ml), and streptomycin (0.1 mg/ml) (3A); the low-Mg++ stock ?

i B B )




..........

Ling et al, Pg. 8

golution contained 147.5 mM sucrose, 23.2 mM D-glucose in addition to the

same concentrations of KC1l, CaCl NaHC03, GIB medium, penicillin, and strep-

2’
tomycin as in the high-Mg++ solution. By mixing these stock solutions in
different proportions, a series of Ringer's solutions containing different Mg++

concentrations ranging from 1.2 to 73.2 mM but constant concentrations of

K* (2.5 mM) and of Na® (28.5 mM) were prepared (For further details, see ref. 16).

Measurements of Mg++ Permeability

We determined Mg++ permeability of frog muscles in two ways.

-~ (1) From volume changes in isotonic MgCl2 and MgSO4 solutions. This is a very

K] ——

old method (51): cells are immersed in a Ringer's solution containing besides
-4
il all its normal constituents at the normal concentrations, an excess of a high
_I
3 concentration ¢ofa solute, the permeability of which is being investigated. The
.U

cells promptly and rapidly shrink. If the cells are " impermeable' to the solute,
the cell will, theoretically at least, remain shrunken indefinitely., On the other
hand, if che cells are " permeable' to the solute, the cell will take up the
solute and, in doing so, will regain its lost water. The rate at which the cell's
weight is regained provides the basis for measuring the rate at which the solute

enters the cell.

(2) From radioactive 2§§§ isotope efflux analysis. The basic method here

is an extension of the technique extensively used in studying the efflux rates

of Na+, sugars, etc., developed in this laboratory. Isolated and weighed sar-

torius muscles were equilibrated in Ringer solutions either at 25% or 0% in

which the Mg++ has been labelled with ZSMS, Connective tissues from areas ad-

jacent to the sartorius muscle were isolated and similarly exposed to the labeled

Ringer solutions and for the same lengths of time. At the conclusion of

.....
.....
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"o incubation in the radioactively labeled Ringer solution, the muscles and

connective tissues were placed between decks of partially wet filter paper,

sealed hermetically in parafilm and centrifuged for 4 min. at 1000 g. Re-

..
a

moved from the filter paper, the tissues were weighed in a torsion balance
kept in a humidity chamber. Previous work has shown this centrifugation removes

all the extracellular fluids and no significant amount of intracellular fluid
(35)

>

of the sartorius muscle

The time course of labeled Mg++ efflux of the muscle and connective tissues
were separately studied by washing the tissues in successive portions of Ringer
solution having similar chemical composition but no radiocactivity. After about
2% hours of washing, the muscles and connective tissues were blotted dry, re-
weighed, and its labeled M;ﬁ;ontent analyzed. From the remaining labeled Mg++
found in the tissues of the radiocactivities of the washing solution, the efflux
curves were constructed. The efflux curves of the connective tissues from the
same animals were then used to make corrections for the labeled Mg++ in the
connective tissues of the sartorius muscles using the average volume of
of the centrifuged connective tissue weights. The details of this technique were
described elsewhere (36). The corrected efflux curves plotted semilogarithmically
are then resolved into its components by peeling off the slower exponential first,

etc. From the slopes of the fraction their respective half-time of exchange and

permeability constants were obtained.
RESULTS

Time Course of Swelling and Recovery of Frog Sartorius Muscles in Concentrated

Solutions of MgCl2 and KC1

Using the volume change method, we have made a study of the rate of entry of
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Mgclz into isolated sartorius muscle cells. Figure 1 gshows the typical pat-
tern of initial rapid loss of weight followed by a slower regain Curve B
represents a muscle immersed in a Ringer's solution that contained an excess
of 600 milliosmoles of MgCl2 per liter; Curve A represents muscle immersed in
a solution containing an excess of only 300 milliosmoles of MgCl2 per liter.
The half-time (t%) of weight gain is about 70 min. for Curve B, while that

for Curve A appears longer, owing in part at least to the merging of the

shrinkage process with the initial re-gain in weight.

For comparison, Figure 2 represents a shrinkage-regain curve of a com-
parable experiment in which an excess of KCl instead of MgC12 was added. In
this case, the half-time of regain (t%) is approximately 180 minutes - more

than twice as large as the t% of the MgClz.

We have elected to study the swelling-recovery method in order to leave
little doubt that by any reliable method, high Mg++ salt permeability is
demonstrable. However, there are doubts that the rates for weight changes really

. . (see 37)
reflect a permeability-limited process « Thus for more accurate and

quantitative data we must turn to the radiocactive tracer method to be described

next.

Labeled Mg Efflux Studies

Figures 3 and 4 show respectively the Mg++ efflux from the centrifuged
connective tissues and centrifuged sartorius muscles. The curves marked C were

obtained after correction had been made for the connective tissue contributions

and they are resolved into two fractions marked I and II. The slow fraction I ;}

has a half-time of exchange of 100 minutes or longer (A: 136; B: 148; C: 97

min.); its small intercepts (0.4 to 0.5 Bmole/g) suggest that this fraction had e

LR .- Lo PRI -
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3
only exchanged with the labeled Mg++ to a small extent. Of much greater :j;
interest here is the fraction II which represents the bulk of laheled Mg++ -

that has excha .ged. Indeed the t% are from the three sets of data respectively R
4.5 (A), 4 (B) and 4 (C) minutes. These and other data from three ather sets

of data are given in Table 1. ;%

.ﬂ
(S
._:.\
That the fast exchanging fraction with a t% of 4.7 min., is rate-limited >

by permeations through the cell surfaces agrees with the earlier demonstration

that new equilibrium of Mg++ distribution is reached within 20 min (16). The

present findings do not agree with the conclusion that Mg++ permeability is low

in frog muscle (15). On the contrary, it is very rapid as Tasaki et al (14)

demonstrated for Ca'' permeability in squid axons.

++ 2
The outward rate constant of Mg efflux, k = =— _, The outward per-
outw t%

meability constant, * divided by the surface-volume ratio

(4, p. 208)

ual
outw is equal to kou

(A/V) which equals 550 cmzlg for frog muscle

tw
« From the data of t,
2

0.693
outw ©aual to 755555

cm sec-l. At equilibrium the inward flux (Mi) and outward flux (Mo), defined

4

given in Table 1, one obtains an average ™" = 2.68 X 10”7

as the number of moles per cm2 per second must be equal.

Since M _ = Mi’ (3)
= n

Mo outw [MS.H]mt, (4)

M= Mo M8 (5)

where [Mg™t] is the intracellular free Mg'' concentration, or interstitial

int

Mg++ concentration and [Mg++]ex is the extracellular Mg++ concentration,

M
ni = [ g++]t“t " (6)
n
\ ] [MB-H-] o outw ,

=~ e - R I T G P P
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:{- From an earlier publication, we know that at equilibrium (25°C), the Mg equili- :
-“_‘

- brium distribution coefficient, is

{

S [Mg++]int

g =T - 0-206 . (N

. Mg*]

ex

o A -
3 Thus ®, = 0.206 X 2.68 X 10 ~ cm/sec = 0.552 X 10 4 cm/sec. Next we shall
e
o calculate the permeability constant for Mg++, PMg,according to the model of
Hodgk in-Katz-Goldman (38, p. 60).

o 3

o P = —iD¥ (8)
N Mo @
o=

e where the factor

, ZVF /RT

- - - , (9)

) ~ exp(ZVF /RT)
N
\:*_‘
R
: where Z, the valency is 2; V, the resting potential, is equal to 86 mV (see below)
N

.Y and positive. R and T are the gas constant and absolute temperature respectively.
gg At 25°C, RT is equal to 8.614 X 10.5 X 298 = 2.567 X 10-2 volt-Faraday or roughly
s

26 mV-Faraday.

i 2 X 52

- ¢ - T = 6.62 . (10)
i 1 - (—2—m)
Lt 86
o exp(2—6-)

x:;:

?j: From Equation 8, we find

-
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= 4

-14 ..

: 0.552 X 10 -7 -1
PMg = 662 = 834X 10 ' cm sec (11) :;;

e
'I l.l
.l [t

The Mg++ permeability constant PMg calculated according to Hodgkin-Katz-Goldman

is then compared with similarly calculated PK in Table 2. Note that Z;

.
) ‘g

P is more than 5 times higher than P

Mg K*

Effect of Varying External Mg++ Concentration upon the Resting Potential of Frog

Sartorius Muscle

Two sartorius muscles were introduced into flasks containing 25 ml of each
of the solutions with different Mg++ concentrations and were incubated at AOC,
and the flasks were shakén gently for 18 hours. At the end of this period, the
flasks were warmed to room temperature before the resting potentials of at least 8
single muscle fibers (four from each muscle) were measured while the muscles were
immersed in an aliquot of their respective incubation solutions. The result is

shown in Figure 5. No significant depolarization of the resting potential was

. . ++ .
obgerved in response to increasing external Mg = concentration from a concentra-

tion of 1.2 mM to 73.2 mM.

Effect of Varying Duration of Exposure to High External Mgf+ Concentration at

25°C upon Resting Potential

The data of Figure 5 were obtained after prolonged exposure of frog muscles -
to the experimental solutions at 4°C followed by warming to 25%. Figure 6 shows
the observed indifference of the resting potential to the high external Mg++
concentration was the same when the temperature was maintained at 25% throughout

the incubation period of over 15 hours.

The promptness with which the sartorius muscles responded to high external

........ .
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ﬂj K'Y concentrations has long been known (35 4, p. 277). In this case, a new ;:
; reduced level of potential was reached in the high KT solution within a matter ;*
5; of 1 or 2 minutes and remained there for at least 10 hours without further ﬁf
i: change. The difference between the effectiveness of high external K¥ in reach- ff
- ing the potential and the total ineffectiveness of similar high concentrations ;i
.:: of external Mg++ in reducing the potential could not be more striking. fQ
& -
1Y N
,ﬁ The demonstration that Mg++ permeability constant calculated according to
. Hodgkin and Katz is more than 5 times larger than Kkt permeability constant and
)
oA yet at high concentrations produces no effect on the resting potential
”
{ offers strong evidence against the membrane-pump model of the cellular potential.
N The same findings also offer evidence in support of the association-induction
5
N hypothesis.
E4
phy |
)
The observed sensitivity to external alkali-metal ions and insensitivity to
.j' external Mg++ correlates the behavior of the frog muscle cell surface to a model
o
? that was introduced years ago, i.e., oxidized collodion-coated glass electrodes(zg).
) This model exhibits similar electrical behavior (sensitivity to K+, lesser sensi-
j tivity to Na' and insensitivity to Mg++) as a result of the introduction of car-
:: boxyl groups onto its surface. These findings support the theory that the muscle
cell surface is endowed with primarily solitary B- and V-carboxyl groups and that
& these fixed anionic groups are responsible for both the polarity and the magni- :j
» .
%4 tude of the resting potential of frog muscle cells. ~f
- ~
. This set of experirc<ntal findings and conclusions should be viewed with a Lﬁ
ﬁ: nurniber of other developments which are almost unanimously in harmony with the B
: conclusion from the present study. And it is perhaps timely to review them l;
. briefly. M’
_‘,: =
: 3
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There are seven variables in the Hodgkin-Katz equation: T, [K+]ex,

+ - + + - . ; .
(Na ]ex’ (c1 ]ex (x ]in’ (Na ]in’ and [C1 ]ex' The predicted relationship
between ¥ and the first three variables has been repeatedly confirmed. How-
ever, this cannot be said for the predicted relationship between ¥ and the
last four variables because a lasting change of the potential with variations

in [Cl-]ex was not observed (39); and although a confirmation of the predicted

relationship between [K+]in perfused squid axon and ¥ was reported (AO)but

the slope of ¥ vs. 2 [K'] plot has a much lower value than required. Furthermore this con-
firmation was directly contradicted by a subsequent report from another labora-

tory in which no change of potential was observed in perfused squid axons when

a perfusant solution of KZSO

was changed to that of Na 80, (41

4 2

In addition, no less than six other sets of independent experimental ob-
servations have been reported; all of which are in agreement with each other
. . s . (42-48)
but not with the theoretical predictions of a relation between [K]in and ¥ .
Two of these papers also report failure to detect the predicted relationship be-

tween [Na+]in and ¥ during nerve or muscle activity (42’44’45).

If an equation is derived rationally it must have an internal coherence.
when experimental studies failed to confirm the predicted relationship between
four of the seven variables and V, the basic theory is probably incorrect. How-
ever, the association-induction hypothesis offers equations for ¥ (Equations 2
and 3) that contain no more than the three variables whose relationships to

¥ have already been verified.

It is to be noted that the association-induction hypothesis agrees well
not only with the data that support the membrane theory, but also with the data

which do not support the membrane theory. Thus, the association-induction
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hypothesis does not predict a dependence of the potential upon external anions
(e.g., chloride) and, in fact, none was found. The association-induction hy-
pothesis also does not predict a mandatory dependence on intracellular ions,

and, again, none was consistently found (for further discussion, see 6,7).

Two other new findings bear on the critical subject of a choice between
the two alternate models; in both, the young German scientist, Ludwig Edelmann,

(45)

made a major contribution

If one keeps [Cl-]ex’ (c1 lin, [K+]in’ and [Na+]in essentially constant,

say, in a short-term experiment, Equation 1 can be written as

; RT +
i, , -__Q/n{ }
¥ = constant T PK [K Jex + PNa [Na+]ex . (12)

Equation 12 is formally identical to Equation 2 except that the coefficients of
the external concentrations have different meanings. The P's are permeability
+ + g X .
constants for K' and Na', and the K's are adsorption constants of these ions on
surface anionic sites. Edelmann, having noted this fundamental difference, de-
signed an experiment to test the two alternate theories. He concluded that the
cellular electrical potential has no relation to permeability but represents

adsorption constants, as deacribed by Equation 2 (QS).

An even more recert finding is that the bulk of intracellular kt is not
freely distributed in the cell water (21—26). In skeletal muscles, intracellular
K* is localized primarily in the A-bands and the Z-line, in agreement with the
agssociation~-induction hypothesis, which has long contended that intracellular kt

is selectively adsorbed on the B- and Y-carboxyl groups of cellular proteins.

This follows from the fact that most muscle 8- and Y-carboxyl groups are carried
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- by the myosin that makes up the A-~band (22) and from the fact that B- and Y-

carboxyl groups bind uranium in EM plates of fixed cell sections <49), and that

(50)

uranium is concentrated on the A-band, Z-line, etc.

DRI ;=i.. D

The demonstration of the adsorbed state of intracellular K+, on one hand,
. makes the Hodgkin-Katz equation untenable, since this equation was based on the
. agsumption that virtually all intracellular K' exists in the free state. On the

other hand, this demonstration affirms the association-induction hypothesis in

a most basic manner, since in this hypothesis the electrical potential should

Y

have no direct causal relationship to the bulk-phase intracellular K+, its

concentration, or its state of adsorption.

Therefore, the finding presented here of the independence of ¥ with rela-
tion to external Mg++ is not an isolated observation but is one of many findings
contradicting the membrane theory and supporting the association-induction hypo-

thesis.
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,: FIGURE 1. The time course of weight change of a frog sartorius muscle after u
\ >y
., ;4
Ny immersion in a Ringer-GIB medium containing, in addition to the g
AR :‘\
:f normal constituents at their respective normal concentrations, 100 ﬁ
& Y
md Mgl, (top curve) and 200 mM MgC1, (bottom curve). The muscle o
P e —_— iy
- £
-4 was weighed at intervals after blotting on moist filter paper. K
g j
N 1
o FIGURE 2. The time course of weight change of a frog sartorius muscle after
. immersion in a Ringer-GIB medium containing, in addition to the
~
g normal constituents at their respective normal concentrations, N
2 150 mM KC1 (top curve) and 300 mM KC1 (bottom curve). The muscle
. was weighed at intervals after blotting on moist wetted filter ﬂ
- paper. X
.4:*‘ . v
:" ++ .
FIGURE 3. Four curves of labeled Mg from isolated frog'connective tissues." -
iH Connective tissues framn & different frogs were incubated and washed
v
:a in the same manner as frog sartorius muscles and these curves are
\“z
- used to make corrections for contribution of similar connective
;: tissues in the sartorius muscle efflux curves (see legend of Fig. 4).
i: Connective tissues represent loose connective tissues and small
‘f\
nerves, blood vessels, and other non-muscle cell tissues.
‘%Q FIGURE 4. The efflux curves of labeled Mg++ from 3 frog sartorius muscles.
;; Muscles were incubated in a Ringer solution containing 78 mM labeled
T o
-~ Mg++ for 21 min at 25 C and centrifuged to remove extracellular
0o
}2 space., Washout was carried out in a similar Ringer solution without
Y '
5 28Mg and also at 25°C. Curves marked C were obtained after correct-
;11 ing for connective tissue contribution but without further calcula-
{:' tion to change the unit of concentration to the base of pure cell )
& .
. 4
‘.‘ 1
2 N e e g e L e S T e e T ]
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Ef weights, The corrected curves were resolvzﬁ”ihto two fractions
‘._\
T (I, and II). The t%'s of the fast fraction (II) correspond to
ot
‘i: the time it took for radiocactively labeled Mg++ belonging to that
"
N
29 fraction to fall to % of its initial value.
) )
A FIGURE 5. The effect of external Mg++ concentration upon the resting poten-
}¥ tial of isolated frog sartorius muscles., The muscles were exposed
>
f}: to Ringer's golution with varying concentrations for 18 hours at
e 4°C followed by warming to 25°C before measurements of resting
i:f potential were made.
<
- FIGURE 6. The graph shows that the resting potential is independent of the
22} prolonged exposure to a high Mg++ Ringer solution. The entire
S
;?3 experiment was carried out at 25%.
D TABLE 1. The half time of exchange of labeled Mg++ from isolated frog sar-
’-
¢4
?& torius muscle at 25°C. Isolated sartorius muscles were incubated
4
ot
\y for different lengths of time at 25°C as indicated. The t% of
N exchange was estimated from the fast fraction, i.e., Fraction II
o
o
Ny as in Fig. 4.
5
...
AN
o TABLE 2. A comparison of the Hodgkin and Katz permeability constant (Pi) of
o K' and Mg™" for frog muscles.
::::
“."_‘
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Incubation
Experiment Duration t, of Fast Fraction
2

Date No. (min) (min) é
12-18-79 A 21 4.5 f
B 21 4.0 i
c 21 4.0 E
E 10 5.0 :
F 10 4.8
H 10 7.0
M 11 5.0 5

N 11 4.8

0 11 4.8

4 ememen. . .

3-18-80 I 62 3.5
J 62 3.6

K 62 5.0

mean & S.E. 4.7 ¥ 0.25

TABLE 1
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N 31 Py Relative
; Ton Author (hr ") Average (cm/sec) Permeability
> Kt Mullens, 1959 1.92 2.97  9.69x 107 1
N Ling, 1962 (25°%) 3.06 15.4 X 10~/
Ling and Ochsenfeld, 3.10 15.6 X 107’
& 1965 (24°C)
S 21.1x 1077
: Katz, 1966 3.80 5.4 % 107
g Mgtt (present paper) 83.4 x 107/ 5.4
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Cell swelling and shrinkage were among the first physiological mani-
festations .of the living cell that lent themselves to quantitative measure-
ments. Studies of these cell volume changes had led to the founding of the
first major theory in cell physiology - the membrane theory. While the
early laboratory manipulations that produced these volume changes were
usually achieved by altering the osmotic activity of the surrounding fluids,
it also became known that within an environment with an osmotic activity
equal to that of the cell interior, cells can undergo extensive swelling
as they do in an isotonic KCl solution (von Kordsy, 1914) or in response to
exposure to 0°c temperature while in its natural isotonic environment rich
in NaCl (Stern, et al, 1949; Opie, 1949). Indeed that injury can lead to
tissue swelling is also well known to physicians and lay people. Injury-
induced swelling of brain is especially dangerous and sometimes fatal due to

the confinement of the brain in a rigid box -~ the cranium.

Early theory of cell swelling and shrinkage was based on the assumption
that the cell membranes were impermeable to solutes that can cause and main-
tain the shrunken state of the cells. A prime example of the impermeant
solute thus defined was the Na' ion. This theory was disproven when it was
shown that Na® is in fact permeant to the cell membrane (Cohn and Cohn, 1939;
Heppel, 1940). The Nat pump was then postulated to maintain a low level of
Na' in the cell and hence a constant cell volume (Lilly, 1923; Dean, 1941).
Swelling due to injury or metabolic interference has been attributed to an
interference with the functioning of the metabolic pumps, either continually
driving out water (Opie, 1954; Robinson, 1952) or Nat (Tosteson, 1964). How-
ever, these theories became questionable when it was shown that the Na® pump

alone would consume energy 15 to 30 times that available and that the swelling
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of cells in hypotonic Ringer solutioh‘or in isotonic KCl remained unchanged
after the intactness of the cell membr;ne was destroyed by cutting the cell
into small segments (Ling and Walton, 1976). Under this condition, it was
clearly established that there was no regeneration of a new membrane at the

sites of amputation (Ling, 1973).

The basic concepts that swelling behaviors of living cells may reflect
the whole protoplasm rather than primarily the cell membrane can be traced
back to Martin Fischer (1909). In more recent time, the association-
induction hypothesis has presented a unified conceptual framework to ex-
plain different types of swelling phenomena (Ling, 1962, 1969). The basic
assumption, now supported by considerable experimental evidence (Ling, 1984 ),
is that the osmotic activity of living cells (which is a ﬁeasute of the
reduction of the activity of cell water) is only to a minor extent provided
by free intracellular ions and other solutes, notable K'. This is so because
virtually all of the cell K+, the major cation found in the cell, (as well as
most of the intracellular anions) exists in an adsorbed state (Ling, 1977a,
Edelmann, 1977, 1981; Trombitas and Tigyi-Sebes, 1979). In this theory the
reduction of cell water activity, measured as osmotic activity, is due pri-
marily to certain cellular proteins, called matrix proteins. These matrix
proteins exist in an extended conformation with their polypeptide NH and CO
groups directly exposed to, and polarizing the bulk of cell water (Ling, 1965,
1972, 1979). Water so polarized has reduced activity and exhibits osmotic
activity far beyond its molar concentration predicted on the basis of Boyle-
ven't Hoff Law (Ling, 1980, 1983 ). Experimental confirmation that water so

polarized does indeed have high osmotic activity has just been published

o8 SRTIINEE

(Ling, 1983).
To put it differently, the behaviors of water in living cells reflects ?3
E
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its existence in the state of polarized multilayers. In support, Ling and
Negendank (1970) have demonstrated that 95% of the water in isolated frog
muscles follows Bradley's multilayer-adsorption isotherm. Simple osmotic

swelling in hypotonic solution is due to the higher water activity in a hy-

potonic solution

; ‘and the natural tendency for water to seek the phase of lower water

s activity. Shrinkage in hypertonic solution on the other hand, is just the

‘ opposite. To explain swelling induced by an isotonic KCl solution, a more

X

‘i complex interpretation is involved: As a rule normal cells have a tendency

; to swell but this swelling tendency is held back due to the presence of salt

- linkages which are formed between negatively charged side chain functional

; groups (e.g., B- and Y-carboxyl groups) and positively charged side chain

3 functional groups (e.g., €-amino and guanidyl groups) of neighboring protein chains
" in the cells, Thus under normal conditions salt-linkages between adjacent intra-

’3 cellular protein molecules prevent the full amount of water to be taken into
td the cell and adsorbed. However, KCl can split these salt linkages, as fol-

2 lows (Ling and Peterson, 1977):

‘

: £te” + KT + 17 -2 £t c1” + £ k. (1)
L g

~\
;\ It was shown that this dissociation is autocooperative, i.e., all-or-none.
.i That is, the salt linkages (f' f7) formed between fixed cations (f") and
T: fixed anions (f ) will resist the dissociative action of KCl until KCl reached
ES a certain critical concentration. At this concentration, the salt linkages

ES would all split up and the cell undergoes a step-wise swelling. As a rule,

;f as one increases the KCl concentration gradually in the external medium, the
QT cell undergoes several step-wise swelling, interspersed with shrinkage due

'2 to the incresse of total osmotic activity in the external medium with in-
t: crease of total KC1l concentration. As mentioned above, after the intactmuscle
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cells were cut into small gegments 2 or 4 mm long with no membranes at the
ends of thgae segments, 100 mM KC1l in the external medium will continue to

induce swelling while 100 mM NaCl will not (Ling and Walton, 1976).

According to the association-induction (AI) hypothesis, this selective
sensitivity to KC1l but not to NaCl reflects a high preference of the fixed
anions (f”) or more specifically, the B- and Y-carboxyl groups of the pro-
teins N to adsorb Kt over Na'. In other words the reaction
represented by Equation 1 goes strongly to the right, while reaction repre-

sented by Equation 2 below
£t £ + NaT 4+ C1” 2 £t c1” + £7 Nat (2)

goes only weakly to the right. In the AI hypothesis this cationic selectivity
reflects a specific electronic density at the B- and Y-carboxyl groups, repre-
sented by the c-value (Ling, 1960, 1962). Figure 1 reproduces the theoretical
curves showing that when the c-value is, say, around -3.5 X, Kt s greatly
preferred over Na® in the selective adsorption onto the P- and Y-carboxyl

groups.

The AI hypothesis suggested that since the fixed cations like @-amino
groups, €-amino groups and guanidyl groups are all modified NH4+, the pref-
erence of some fixed P- and Y-carboxyl groups to form salt linkages may have
the same cause why Kt is preferred over Nat by other B- and Y-carboxyl groups
not engageq in maintaining the cell volume but engaged in selective accumu-
lation of K¥ in the cells. As Fig. 1 shows,NHa+ and K follow very similar
coursss of changes with c=value changes. At the c-value of -3.5 X, NH;’ has a

much more favorable adsorption energy than Nat just as Kt does.
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Another major postulate of the AI hypothesis is that the c-value of the

B. and Y-carboxyl groups functions together in unison due to autocooperative

interaction among these sites, and that normal c-value of those sites as

R
Af'n

¥
VDAL

described above are under the control of cardinal adsorbents including ATP

Aol N

. TIIEf

(for evidence, see Ling, 1977b). Evidence has also been presented showing
that the function of ATP is to lower the c-value (Ling, 198la, p. 86). Thus,
if the concentration of ATP is reduced as a result of metabolic interference
by cold or injury, the c-value may go to a higher value, say -2.4 2 (Fig.

1). At this higher c-value, the theoretical curves show that K' and Na* are
equally preferred at the f sites. Indeed there are evidence that inter-
ference with metabolism and the consequent ATP depletion does bring about a
depolarization of cell water and an increase of free Na' as well as a
transient increase of adsorbed Na' (Ling and Ochsenfeld, 1973; Ling et al,

1981).

As mentioned above, under normal conditions g1l cell ATP ts adsorbed on
cardinal sites on cellular proteins. This is a theoretical postulate by the
Al hypothesis but it is made inevitable by the enormous binding constants of
ATP on the cell protein, myosin (3.25 X IOILM-I, Goody et al, 1977; Cardon and
Boyer, 1978). The c-values of the f engaged in the salt linkages are low
so that only KC1 can cause the dissociation of those salt linkages and cell
swelling, NaCl cannot. However, when ATP is depleted, the c-value of f
rises. Now the normally ineffective 100 mM NaCl present in the Ringer solu-
tion or plasma, suddenly becomes as powerful as 100 mM KCl in causing £ £t

" dissociation and cell swelling follows. This then is the theory of injurye

induced swelling according to the AI hypothesis. The AI hypothesis has

offered, for the first time, a theoretical connection between swelling of
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% .
f%: normal cells in isotonic KCl solution and of cells injured by colds or

€
acdin Lo

poisons in normal plasma or Ringer solution. The present communication

represents experiments designed to test this theory.

N RIS

i MATERIALS AND METHODS

'ui All experiments were performed on isolated organs of Swiss (ICR) mice. :
=, '.:\ -
A Isolated brain, kidney are usually cut sagitally into halves, weighed on a torsion .

balance before being introduced into 5 ml of the experimental solution in

)

N

dﬂ a closed vial (to be described). These vials were kept at 4°C in a cold
£

~ room without shaking. The tissues were taken out 24 hours latter, blotted
. lightly and weighed ahen and on every day following for as many as six
tft days. Low temperature combined with the antibiotics added kept bacteria

’-!

s from growing.

%} Table 1 gives the basic formula for the solutions used. Two major

.ﬁ: stock solutions (I and II) were each prepared by mixing three solutions (IA,
we

i 1B, IE, etc.) whichwere kept apart to prevent precipitation and deterioration
fif of the organic componentsg in the GIB medium. The GIB medium was obtained
:3 in sterile dry powder form from Grand Island Biologicals (now GIBCO, Wil=-

- mington, DE). It is a chemically defined medium (for composition see Ling
g and Bohr, 1969).

N

-~

:Et Determination of ATP was by a firefly method essentially that described
2 by Kahbhen and Koch (1967). The only significant modification was that the
(o2

':E tissue extract was made with a 5% TCA rather than boiling water. The light
':% emitted by the luciferin-luciferase system in the presence of ATP was mea-
L;; sured in a S-scintillation counter.
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RESULTS

When isolated mouse kidney tissues were incubated at 4° C in a normal

mammalian ﬁtnger solution containing about 120 mM Na¥ it swelled up rapidly
in the first day. Intact kidneys increased their weights for another day be-
fore a gradual decline (Fig. 2). On the other hand, if kidney halves

were measured, the peak height of weight change was reached at one
day and the decline was earlier. Since as a rule half organs were used,
we chose one day equilibrium time as a rule. Half mouse brains, however, were
an exception. It took two days to reach its maximum weight and then re-
mained at these peak values for two more days., For this reason the brain weight

was obtained at two to four days.

Figure 3 shows the weights of three mouse tissues after one day incuba-
tion at 4° C in various solutions containing different proportion of NaCl
and sucrose. The ordinate represents the one day weight represented as the

divided by the initial weight (W )o 1In

ratio of the final weights, init

wfin
spite of the fact that all solutions used were isotonic, marked difference
in wfin/winit occurred. In all cases the highest ratios were those organs in
the solution containing the most NaCl and the least sucrose. However the

degree of swelling in the presence of the high NaCl concentration varied

considerably among the three tissues studied here. They fall in the rank:

kidney > liver ~ spleen.

Also clearly notable is the considerable shrinkage for all three organs éi
after exposure to the Na-free sucrose Ringer solution represented by the left-hand
most point along the abscissa. However, this shrinkage in Na-free sucrose Ringer i#
sohtion is not universal. Other tissues like the brain did not undergo shrink- é!

age in any solution studied (see below).
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Figure 4 compares the shrinkage-swelling curves of mouse kidney in var-

ious solutions in which the sucrose components (Stock Solution II) were
similar but the NaCl concentrations were either the same as in the experi-
ments described in Fig. 3 or itwas replaced by an isocosmatic equivalent K

el
of LiC1, L1,50,, or MgSO,. LiCl and MgSO, replaced NaCl mole for mole. 4

2 4°

On the other hand,each mole of NaClwas replaced by 2/3 M of Li, SO,.

2°9%, :

Note that mole for mole, LiCl geemsd even more effective than NaCl.
Yet Lizsoa‘um much less effective, suggesting that the swelling depends not
only on the specific nature of the cation but also that of the anion as well.
The virtually complete ineffectiveness of MgSO4 further confirms this view.

The kidney consistently shrank in the sucrose-Ringer.

Figure 5 shows the swelling of mouse brains in NaCl and Na Ringers

25%,
and in LiCl and in Lizsoa respectively. The greater swelling in the chloride
salt than the sulfate salt is in full agreement with the conclusion for the
kidney study. In contrast to kidney, liver and spleen, however, brain tis-

sues did not undergo shrinkage in the sucrose Ringer solution. Figure 6 shows

that LiCl caused more swelling than isoosmatic concentrations of LiZSOA.

In Figure 7 we have plotted the water contents of half brains against
the ATP concentrations measured in the tissues after they have been incubated
at 40 for various lengths of time in hours, as indicated by the number in
brackets beside each experimental point . The incubation solution
used contained the full amount of NaCl of a normal mammalian Ringer (118 mM).
The data shows that the swelling of the brain in the presence of a high con-

centration of external NaCl follows closely the decline of the ATP contents of

the tissue.
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DISCUSSION ‘ :

According to the AI hypothesis, water in resting, normal living cells
is not free water in which free Kt salts are dissolved. Rather, water
exists in the cells in the state of polarized multilayers. Most of the
intracellular ions, of which k' is predominant, is adsorbed singly on anionic
protein sites (Ling, 1981b). The maintenance of the normal amount of cell
water reflects the balance of two opposing forces: expansive force orig-
inates from the tendency of the cells to acquire additional layers of wate
and restrictive bonds between neighboring protein chains, largely in the . .~
of salt-linkages (Ling and Peterson, 1977). When the cardinal adsorbent ATP
is present at normal level and all the cardinal sites for ATP, Caf+, etc. fully
occupied, KC1 (and RbC1) at about 100 mM concentration causes extensive
swelling because free-energy wise it is more favorable for the reaction des-
cribed in Equation 1 to proceed to the right. In contrast, isocosmotic concen-
tration of sucrose is totally ineffective. KZSO4 or NaCl are also ineffective
or less effective. The sulfate ion is known to be less strongly adsorbed than
C1” on the €-amino group and guanidyl group (see Ling, 1962, p. 172). Nat
and Lit are less preferred by the fixed B- and Y-carboxyl groups when these
groups are held at a relatively low c-value at which K+, NH4+, and the variant
of NH4+, the @ -amino, €-amino, and guanidyl groups are preferred. Most of

these theoretical expectations have been verified elsewhere experimentally

(Ling and Peterson, 1977).

According to the AI hypothesis, any kind of metabolic interference of or
injury tothe living cell whether brought on by chilling, mechanical damage
or metabolic poison, usually leads to a diminished ability of the cell to

regenerate ATP and thus to keep its cardinal sites occupied by this critically

imporgant cardinal adsorbent. Clearly incubating isolated mouse tissue at a
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low temperature without its normal efficient supply of oxygen and other

essential exchange of nutrients and water lead to gradual ATP depletion as

,5; Fig. 6 shows. We would also like to suggest that the observed swelling of
Eﬁ slices of liver, kidney, and brain mentioned earlier by exposure to 0° c
F temperature, metabolic inhibitors like cyanide and 2,4-dinitrophenol, and
;f? various mercurials produced NaCl dependent swelling by a similar mechanism.
-

Let us next discuss the special requirement of NaCl, the major component

. of the blood plasma for the injury-induced swelling.

. Figures 3 to 6 show quite consistently that tissues exposed to low

temperature in Ringer solution whose NaCl had been replaced by an isoosmotic

EEE concentration of sucrose, exhibited little swelling. Indeed, often there

Sﬁ was shrinkage. This special requirement for Nat in injury-induced swelling
08 was recognized by Saladino, Bentley, and Trump (1969). One asks, " Is
5t: this substitution of tyo molesof sucrose for one mole of NaCl truly accurate
% enough in terms of osmotic activity?" The answer is yes. Thus Negus (see

o Fraser, 1927) gave the partial vapor pressure of 0.15 M NaCl as 0.995. The
;E partial vapor pregsure of 0.30 M sucrogse is also 0.995 (Bear, see Fraser,

_ 1927). Clearly the widely different effects of sucrose Ringer golution and NaC1 Ringer
N solution on swelling is not a simple matter of osmotic activities of the two
_ﬁi solutions, which are in fact identical. Nor can this special requirement for
é;t NaCl be one due to the net electric charges of the particles Na' and C1°.

;: Thus isocosmotic MgSOa bearing net charges is nearly as ineffective as isoos-
lﬁi motic sucrose bearing no net charges in causing injury-initiated swelling
Atl of mouse kidneys.

:? The failure of sucrose as well as MgSOA to produce swelling is a clear
;% affirmation of a high degree of specific (Na+) preference in the reaction
e

s
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described by Equation 2 just as there is a high degree of specific Kkt prefer-

by

o

ence in the reaction described by Equation 1, which is applicable to normal

> rather than injured tissues.

That Mg++ cannot replace Nat in causing swelling is first and foremost

a question of relative adsorption energy. As pointed out earlier the Mg++

Eg" and other divalent cations are ineffective in the depolarizing of the elec-
trical potential of living muscle cells and model systems (Ling, Walton, and

g Ling, 1979). The interpretation was that divalent ions are only very weakly

ES? adsorbed onto isolated single 3- and Y-carboxyl groups which adsorb monovalent

cations. We believe that in all probability this is the case here. Accord-
ing to this theory, if the B- and Y-carboxyl groups occur in pairs or clusters,
a different observation would have been made. Namely Mg++ salts would be

as effectiveasa more effective than Na@ salts in causing swelling. But clearly,

this is not the case here.

The ineffectiveness of Mgsoa in causing swelling is partly also due to
the ineffectiveness of SOAZ-. That 8042- is as a rule very weakly adsorbed
on amino types of cationic groups has been emphasized often in the presenta-
tion of the Al hypothesis and is fully borne out by the comparative study of
the relative binding energies on weak amino type of ion exchange resins

and on isolated proteins (Ling, 1962, p. 172).

Another strong support for the theoretical interpretation offered here

for injury-induced swelling is the effectiveness of LiCl in promoting

injury-induced tissue swelling. An examination of the theoretical plots of

c-value vs. relative adsorption energy on fixed anionic groups in Fig. 1 shows

!
3
o

that the observation is theoretically predicted: at such a c-value when Na®

is effective in causing swelling, Lit should also be effective.

Ll e L.
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We want to ask next why do injured tissues actually undergo shrinkage .
in sucrose Ringer solution. This is not the first time that isocosmotic ni

sucrose-Ringer solution was found to induce cell ghrinkage. Ling, Walton, N

and Ling (1979) noted the same phenomenon in normal, uninjured frog muscles -]
when NaCl in a normal Ringer solution was replaced by an isoosmotic concen-
tration of sucrose. In answers the following explanation ig offered: 1In
normal cells, a small number of salt linkages are kept dissociated by the

NaCl as illustrated in Equation 2. It is possible that the anionic components
of these salt linkages are different from the majority of their counterparts
and have a higher c-value at which Na® is preferred than at most of the other
sites so that in the presence of 100 mM or so of NaCl in the normal environ-
ment the NaCl is able to to sustain the dissociated state of these particular
salt linkages and allow a corresponding number of multilayers of water to

exist in the cells. When this NaCl is replaced by sucrose, the reaction repre-
sented by Equation 2 goes to the left and the cell then loses water as ob-

served.

Finally we would like to point out that in the combined ischemia- and
cold-induced injury seen here, the initial swelling may well be reversible
(see Stern et al, 1949; Robinson, 1950; Whittam and Davies, 1953). But as
time progresses, the cell certainly became irreversibly damaged. Thus the
molecular mechanism as represented by Equation 2 ig more fully applicable
to the initial state of swelling. During this stage, the polarized multi-
layered state of water is still maintained. Augmented by the liberated ad-
sorbed ions, the high total osmotic pressure provides the basic force for
swelling when the restraiping force of salt linkages are simultaneously

broken down by the NaCl present. However, this process would continue

only for a certain length of time., As ATP begins to reach very low concentra-
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e

tion, cell water depolarizes and the initial excessive osmotic activity

of the injured cells due to the combined contribution to the osmotic

P
a e

activity of polarized water and liberated Kt declines. Although still 3

AR 4
204 W0

apparently swollen, this state is only the remnant of the swollen state:

LI

extended, overblown " shellsg" filled with free water and free salt ioms.
In support of this view, Ling and Walton (1976) had shown that centrifuga-
tion for 4 minutes at 1000 g. of living frog tissues whether intact or

cut into segments remove only water in the extracellular space. But when -«
tissues that have entered the final state of injury and deterioration, the ‘

swollen dead tissues readily gave up its water after a similar spinning. :
SUMMARY

Isolated mouse brain, kidney, and other tissues were incubated for
from one to several days at 4° C in isotonic solution containing varying
mixtures of sucrose and NaCl (or Nazsoa, Lic1, Lizsoa, MgSOa). The ischemic,
cold-injured tissues swelled in proportion to the concentration of NaCl or
LiCl. They swelled less in NaZSO4 and LiZSOA and they swelled even less and/
or shrank in Mgso4 or sucrose. It was shown that in the presence of about
100 mM NaCl, the degree of swelling follows inversely the level of ATP present
in the cells. The data were interpreted on the basis of the theory of cell
swelling based on the association-induction hypothesis: NaCl and LiCl in-
duced swelling in injured tissues was compared with KCl-induced swelling
in normal tissues. Bothweeexplained as the consequence of the dissociation .
of the volume-restraining effects of salt linkages among cell proteins. It
is the depletion of ATP and the consequent increase of electron density or
c-value of the fixed anionic groups that turns the ineffective NaCl (in

causing swelling of normal tissues) into the fully effective agent for causing

swelling of the injured tissue.
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Theoretical curves of the adsorption energies (ordinate) of
various cations on an oxyacid when the electron density (ex-
pressed as c-value) of the oxyacid group changes. Lower c-
value (toward the left side of the abscissa) represents the

equivalent of lower pKa value and vice versa (from Ling, 1962).

Time course of weight change of isolated intact mouse kidney
(A) and of mouse kidney cut into halves (sagitally) (B). Four
sets of tissues were weighed repeatedly after light blotting
on wetted filter paper. The bathing solution is a normal
mammalian Ringer solution containing 118 M NaCl; its composi-~
tion described in Table 1. Ordinate represents the relative

volume, obtained by dividing the weight after a certain length

of time (wfin) by the initial fresh weight (winit)'

The relative weight of isolated mouse kidney, liver, and spleen
following incubation for 1 day in mixtures of the two stock
solutions (I and II) described in Table 1. All solutions are
isotonic, but those to the left of abscissa have more sucrose
while those to the right have more NaCl referred to in the
abscissa as salt. The right hand-most experimental point of
each of the 3 curves corresponds to that of a normal mammalian

Ringer solution containing 118 M NaCl,

The relative weight of {solated mouse kidney following incuba-
tion for one day at 4° C in mixtures of sucrose~-Ringer solution
(Stock Solution I) and isotonic Ringer solution (Stock Solutfon II)

or {its variants containing instead of NaCl, LiCl, Lizsoa and

MgSO, .

Lt e ~alhas Shve Shan s tg gy |

y
J,




- a¥ata

Tl

Figure 5 =

Figure 6 -

Figure 7 -

Table 1 -
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A

A

The relative weights of isolated half mouse brain following
incubation for two days at 4° C 1in mixtures of sucrose-Ringer B
(Stock Solution I) and either Stock Sclution II containing ﬁ
118 M NaCl or a modified Stock Solution II in which NaZSOA

has replaced the NaCl at isoosmotic strength (i.e., 2/3 M of

PSTS TN T

259, replaced 1 M NaCl).

4

The relative weights of isolated half mouse brain following

(R Py

incubation for four days at 4° ¢ in mixture of sucrose-Ringer
(Stock Solution I) and modified Stock Solution II in which the
NaCl was replaced either by LiCl (1 mole for 1 mole) or Li,80,v

(2/3 M Lizsoa for 1 M NaCl),

The relation between the water contents of mouse brains and
their ATP contents after the isolated half brains were incubated
for various lengths of time in hours (indicated by number in
brakets near each point). Each point represents average &4 or

3 determination A S.E.

Composition of the two Stock Solutions used in preparing the
solution of varying salt and sucrose concentrations, Each stock
solution was prepared in three separate components which were

mixed just before use. GIB medium was obtained from General
Biological in the form of sterile powder free of NaCl or KCl and
was dissolved in distilled water before mixing with the antibiotics.
Experimental solutions were prepared by mixing Stock Solutions I
and II (or its modification in which the NaCl had been replaced

by LiC1l, Li MgsO, , etc.) in different proportions.

250,
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STUDIES ON THE PHYSICAL STATE OF WATER IN LIVING CELLS AND
MODEL SYSTEMS. lll. THE HIGH OSMOTIC ACTIVITIES OF AQUEQUS (
SOLUTIONS OF GELATIN, POLYVINYLPYRROLIDONE AND POLY
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:.{:: (ETHYLENE OXIDE) AND THEIR RELATION TO THE REDUCED
:.:1:' SOLUBILITY FOR NA’, SUGARS, AND FREE AMINO ACIDS.
AN

GILBERT N. LING

Depariment of Moiecular Biology. Pennsylvania Hospital. Eigh/and Spruce Streets, Philadelphia, Pa. g‘—
19107

o lerv high osmotic activities of concenirated aqueous solutions of gelatin, pedvvingls
pyrrolidone. and polv(ethviene oxide) were recorded. These observed values are Jar above
those prediciable from the molar concenirations of these polvmers or those of aqueous
solutions of native hemoglobin of equal concentrations. It was shown that these high osmounc
activities are closely associated with the ability of the gelatin- or polymer-dominated water 1o
exclude Na' salts, sucrose, and glycine. Both phenomena are interpreted as reflecting the
polarization of multilayers of water by the polymers enhancing the hy0 10 11;0 imieraction
and also reducing the translational and rotational motional freedom of the water.
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INTRODUCTION

Gelatin, which is denatured collagen dnd a
major component of glue, has long inferested
biologists and chemists. Thomas” Graham
used gelatin to represent a class substy
which he called colloids oAAOﬁ./ glue)
(Graham'). Katz.? Kunitz,> Bungenberg de
Jong and colieagues (Holleman et al*), Lioyd
and Moran,” and others discovered many
important and unusual attributes of the
water in the gelatin-water system. Recently
by making use of a modification of the
dialysis technique, which was aiso introduced
by Graham (i.e., the equilibrium dialysis
method), Ling and coworkers®’ presented
evidence that the unusual solvent properties
of the gelatin-water system might arise from
the extensive interaction of multilayers of
water with the gelatin molecules. Their
reasoning was as follows.

Due to the presence in the gelatin molecule
of an abundance of glycine, proline, and
hydroxyproline (Veis®), all well-known helix
breakers (Chou and Fasman®). a major part
of the gelatin poly‘_}})eptidc chain exists in an
extended conformation and thus directly

.
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exposed to the bulk-phase water. According
to the associatién-induction hypothesis, it is
the NH and CO groups of the extended and
exposed polypeptide chains that polarire and
oricnt multilayers of water and cause the
change in water solvency (Ling'®'?).

In harmony with this view, 13 globular
proteins, including hemoglobin, which show
no or very little effect on water solvency
acquired the ability to do so when these pro-
teins were exposed to urea or guanidine HCl
(Ling et al®"). It was argued that native glo-
bular proteins affect water little or not at all
because their NHCO groups are locked in a-
helical or other macromolecular H-bonds.
Urea and guanidine HCl unravel the
secondary structure of proteins, thereby
exposing the bulk-phase water to the polar-
izing influence of the NHCO groups: de-
naturants like SDS and n-propanol that
unravel only the tertiary structures had little
or no effect. Adg'itional support for the role
of exposed pol):!Pcptide groups in reducing
water solvency came from the studies of
certain macroscopically electrically neutral
polymers. Although these polymers lack the
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NH groups of the extended polypeptide
chains, they too possess oxygen atoms at
regular distances apart, and like the oxygen
atoms of the peptide CO groups, the
distances between the nearest neighboring
oxygen atomts are roughly equal to twice the
diameters of water molecules (Ling et a®). As
anticipated, they cause solute exclusion from
the surrounding water. The most outstanding
among these polymers are polyvinylpyrroli-
done (PVP), poly(ethylene oxide) (PEQ),
and polyvinylmethylether (PVM E).

Our interest in gelatin and these synthetic
polymers lies in the belief that they may serve
as a2 model for certain important cellular
proteins which endow water in living cells
with some of its unique characteristics. From
the viewpoint of the association-induction
(Al) hypothesis (Ling"*"'®) the ability of
water dominated by gelatin, PEOQ, PVP, etc.,
partially to exclude Na” and other solutes has
great significance. It supports the view that
the exclusion of these solutes in living cells
may arise from a similar mechanism. That is,
certain as yet unidentified matrix proteins
(though actin, myosin, tubulin, and other
cytoskeletal proteins are being considered as
candidates) existing throughout the cell,
may, like gelatin, urea-denatured protcins,
PEO, PVP, etc., also exist in an extended
conformation and in this state, polarize
virtually all the intracellular water molecules.
In the water thus polarized (in multilayers),
the solubilities of small molecules and mole-
cules that can fit into the multilayer dynamic
structure remain normal (or even somewhat
higher than normal as is known to be the case
in living cells, Ling.'"* Ling et al'*). For most
molecules, due to enthalpic, eatropic or both
factors, the solubility decreases with in-
creasing size and complexity of the solute
' involved (Size rule) (Ling®“; Ling and
Sobei'’). Among the solutes excluded are
hydrated Na', sugar, and glycine, which have
also long been known to exist in much lower
levels in living cells than in the surrounding
media. A once popular theory, the mem-
brane-pump theory, argued that these solutes
are continually pumped out of the cells.
However, extensive evidence now exists
refuting this view (Ling'"!3141338, {ing ang
Negendank'’). Additional evidence against
the membrane-pump theory is provided by
~the adsorbed state of cell K'.

Not all solutes exist in low concentration
in the cell. Some solutes accumulate in living
cells at a level substantially higher than that
found in the surrounding medium, as it is in
the case of K. In the Al hypothesis, the
preferential accumulation of K' involves
selective adsorption of K’ on 8- and -
carboxyl groups of intracellular proteins
(Ling'*®°; Ling and Ochsenfeld®). In volun-
tary muscles, these anionic groups are local-
ized primarily in the A band and Z-line
(Ling™). Therefore, most of the muscle cell
K’ is expected to be found in the A band and
Z-line also. These predictions have been con-
firmed by investigators in West Germany. in
Hungary, and in the USA. In this task, they
used a total of four techniques: (i) autoradio-
graphy of air dried (Ling”) and frozen fresh
muscle cells (Edelman®); (ii) direct EM

-visualization of electron dense Cs’ and T1° in

frozen dried muscle cells after these ions had
stoichiometrically and reversibly displaced
the cell K* (Edelmann®); (iii) dispersive x-ray
microprobe analysis (Edelmann,® Tigyi et
al“); and (iv) laser mass-spectrometer micro-
probe analysis (Lampa) ( Edelmann®). Other
experimental evidence showed that the K’,
Cs’. and TI" localization is the result of
specific one-ion-on-one-site close<contact ad-
sorption (Ling'®®?). Since K" is the major
cation of the cells, its adsorption and hence
osmotic inactivity leaves unanswered the
question, “What keeps the cell interior in
osmotic equilibrium with an isotonic Ringer
solution containing 0.1 M of free Na" and
Jree CI'?™

Since osmotic activity is an expression of
the decrease of the activity of the water pre-
sent, the question posed above can be
restated as follows, “*What component of the
living cell causes the lowering of the activity
of the bulk of cell water to match that of a
Ringer solution, now that we know it cannot
be free K'?" According to the association-
induction hypothesis. this component is pri-
marily the same “matrix proteins™ mentioned
above, which were postulated to lower the
steady levels of Na', sugars, and free amino
acids in the cell water (Ling"). If this idea is
correct, we would expect that water domi-
nated by PEO, PVP, and gelatin at a concen-
tration high enough to lower the solvency of
water for Na', sugars, and free amino acids
should exhibit osmotic activity higher than
that calculated on the basis of the molar
concentration of the polymers. This report

~ describes results from experiments designed
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MATERIALS AND METHODS

To measure the osmotic activity of
polymer-water system, a Wescor Vapor Pres-

sure Osmometer (Model 5100B, Wescor, .

Ind., Logan. Utah) was used. This small and
versatile instrument measures the vapor pres-
sure of the solution in a closed chamber by
monitoring the dew-point temperature
depression (which is a function of the vapor
pressure) with a precision thermocouple
hygrometer. While the instrument was
designed originally for handling solutions of
low viscosity, it was found suitable to
measure osmotic activity of highly viscous
solutions as most of the samples studied
were. The main departure in the procegure
used from the standard one was to deposit
the sample in the sample holder first and to
place the paper sample disc over the sample.
Tnals showed that this modification does not
in any way adversely affect the results.
Readings taken over a span of time yielded
the same results. This verifying procedure
was followed when new samples of different
consistencies were measured.

Solutions (or gel) of three synthetic poly-
mers and two proteins (gelatin and hemo-
globin) were studied. The sources of these
poiymers were as follows: Polyvinylpyrroli-
done (M.W. 360,000) (PVP-360), Lot 57c-
0071 was from Sigma Chemical Co.; poly
(ethylene oxide) (PEO) was a gift of Union
Carbide. Gelatin, obtained from Eastman,
was from pig skin (Lot A4-C, 1EP 8.7, ash
content 0.0340), and from calf skin (Lot B4B,
1EP 4.7, ash content, 0.0290). Hemoglobin
from bovine erythrocytes was also purchased
from Sigma Chemical Co.; it existed as a
mixture of methemoglobin and oxvhemo-
globin.

We found that as a rule, samples of syn-
thetic polymers as they were received from
the suppliers contained very little ionic resi-
dues after ashing. On the other hand, gelatin.
though of the highest quality obtainable
commercially, did contain considerable ionic
contaminants. To purify, dilute solutions (ca.
26%) of gelatin, hemoglobin as well as all the
polymers were first prepared and then
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exhaustively dialyzed against ion-free dis-
tilled water until ashes prepared from the
dried samples of the polymer solution
(600°C, 24 hrs. in a muffle furnace) vieided
no measurable osmotic activities in the
Wescor osmometer when dissolved in 10 mM
HCI. The water contents of the dialvzed poly-
mer solutions, while still in the dialvsis sacs.
were reduced in steps by either being placed
in front of a fan in a cold room or packed in a
dry dust-free silica gel (Davidson, mesh size
6-16). Great care was taken not to let the
polymer dry unevenly. These methods vield
preparations of homogeneous samples of
polymer-water svstems of widely varving
water contents, which were assaved by oven
drying at appropriate temperature (100° C for
PVP, PVME. hemoglobin, and gelatin; 60°
in vacuo for PEO).

RESULTS

Figure | shows the osmotic activity of a
solution of exhaustively dialvzed gelatin,
where the osmotic activity is expressed in
units of OsMalal and the gelatin concentra-
tion in percentage (W/V). For comparison,
data from hemoglobin solutions are also
presented. Included also in this figure are six
experimental points f{rom the osmolarity
measurements of hemoglobin of Adair
(Adair® Adair and Robinson™). Adair's
data points in general agree with our own but
they do not reach to as high a concentration
as our own (up to 509). Comparing the
osmotic activity of gelatin with that of hemo-
clobin at equal protein concentrations one
finds that the.osmotic activity of gelatin is
much higher especially at the higher concen-
tration range. Neither the osmotic activity of
gelatin nor that of hemoglobin is commen-
surate with the molar concentration of the
proteins present. Thus a 50% hemoglobin
solution is roughly 500 6.7 X 10* = 7.45 mM,
while the osmotic activity measured corre-
sponds to a concentration of 450 mM. The
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where R. T have the usual meanings. V,° is
the volume per mole of pure solvent used, V;
is the partial molar volume of the solvent in
the polymer solutions. M; is the molecular
weight of the macromolecule in units of
gmol™. B. C. and D are the second. third.
and fourth virial coefficients in units of mole
1 g% mol 12 g°. and mol 1* g™* respectively.
However, following tradition, the virial co-
efficients tabulated from these data are given
in units of mol mi g'z. eic. (Table 1).

These plots show steep curvatures. Hence
unusually large 3rd or even 4th virial coeffi-
cients are required to fit the data. Just how
large these virial coefficients really are, is
revealed by a comparison of the PVP and
PEO curves with similar plots of hemoglobin
in the same figures.

DISCUSSION

In answer to the main question raised in
the Introduction, the observations presented
in this communication show that the osmotic
activities of the agqueous solutions of the two
neutral polvmers (PEO and PVP) and one
charged protein (gelatin), are indeed much
higher than that predicted by the molar
concentration of the ﬁlymers present or the
osmotic activity of the globular protein,
hemoglobin, measured with the same instru-
ment. These studies are in harmony with the
theory that the osmotic pressure in living
cells does not originate from free solutes like
K* as was once widely believed but is
primarily due to extended chains of some
intracellular (matrix) proteins. However,
before final acceptance of this conclusion,
certain trivial causes for the observations
must be cons.dersd.

Inadvertent oxidation reactions might give
rise 10, say, carboxyl groups and counterions
which might increase the total osmotic
activity beyond that of the originally neutral
polymer. To test this possible trivial cause of
the abserved osmotic activity | analyzed the
Na' contents of samples of PVP and PEO




after first equilibrating them in 0.1 NaCl and
then exhaustively dialyzing the solution in
distilled water which was made slightly
alkaline with the addition of NaOH. The
data revealed a total Na' content amounting
to a few micromolar in a 40 polymer solu-
tion. This level of contaminant is far too
trivial in magnitude to make any significant
difference 1o the data collected. A second
possible source of error is the heterodisperse
molecular weights of the polymers studied.
However, the polymers had all been exhaus-
tively dialyzed in dialysis tubings with a
molecular cut-off point of about 12,000
daltons. Thus, even if the actual molecular
weights of all the polymers studied were not
as designated but were only 12,000, a 40
polymer solution would still be no more than
400" 12,000 = 30 mM. This osmotic activity is
far from the recorded osmotic activity of
more than 1000 milliosmolar. Thus hetero-
disperse molecular weights could not make
any significant contribution to the activities
observed either.

Having eliminated contaminan:s and
heteroc:sperse  melecular weighis as the
causes of the high osmotic activity observed,
} conclude that gelatin. PVP and PEQ. which
have been shown to have the power to reduce
the solubility of water for Na' salts. sugars,
and free amino acids. do indeed also have
powerful effects in reducing the activity of
water in general and especially when the
polymer reaches a certain high concentra-
tion. This pattern of behavior of the two
synthetic polymers, PEO and PVP, and
gelatin is shared to a minor degree by
hemoglobin, a native globular protein.

The Structural and Concentration

Requiremermts of the Osmotie Effect of ——-

Polymers. The minimal structural require-
ments for the polymer to have the pro-
nounced water-activity-reducing effect are
the same as those found for producing the
reduction of solubility for Na', sucrose, and
glycine: the possession of oxygen atoms at
regular intervals about two water diameters
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apart, with these oxygen atoms freely
exposed to the bulk phase water and not
locked in a-helical or other intra- or inter-
macromolecular H-bonds (Ling et al’).

The present findings thus provide new evi-
dence that the unusual property of gelatin.
and hence Graham’s colloid, may reside in
the powerful effect of its extended polymeric
chains in reducing the activity of water in its
surrounding medium.

Figure 1 clearly shows that at all concen-
tration ranges, gelatin has much greater
osmotic or water-activity-depressing effect
than hemoglobin. A similar observation of
the high osmotic effect was long ago noted by
Kunitz® who studied the osmotic pressure of
gelatin up to a concentration of only 180
Yet we have shown in our new data that it is
when the gelatin reaches the critical concen-
tration at about 45% that the effect becomes
truly pronounced. This type of behavior
reminds one of the sigmoid-shaped oxygen
uptake curve of hemoglobin which is gener-
ally acknowledged to be due to cooperative
interaction among the heme-sites on which
oxvgen molecules are complexed; the binding
of one oxygen molecule enhances the affinity
of other sites for more oxvgen. In our
present case, what one sees is that as the
polymer concentration increases, its effects
on the water activity also demonstrate
characteristically cooperative behavior. Let
us examine what could be the basis of this
phenomenon, fucusing our attention first on
PEOQ.

Being simply repeating units of (-
CH;CH2=-0-)n, this polymer has no side
chains and the only seats of direct interaction
with water are the oxygen atoms in the chain.
Therefore the effect of increasing PEQ con-
centration on water activity could only be
due to a synergism between the water-
activity-reducing effect produced by one
oxyvgen atom on one chain and similar effects
exerted by oxygen atoms on other chains
when the average chain-to-chain distance
decreases to a close enough value.




¢ geiaun, P\'P ang PEO all snow simj-
:moid-shaped curves in thar water.
v-reducing action and since the onlv H-
1g groups they share are the regulariy
itably separated oxygen atoms on the
the behavior of these models taken
er supports the wiew that certain
ed protein chains in living cells may
: responsible for the reduction of water
/ to match that in the external medium
water, plasma, etc.. which owe their
ictivity-reducing effects to free Na’
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_lRelariamhip Berween Water-Activity
~on and Waier-Solvency Reduction
:';neri and Proteins. Figure 6 plots the
Zfor Na“ in varying concentrations of
~PVP, and PEOQ. Note that in a 405
gl’mion, the p-value for Na' has
kJto about 0.5. That is, at least 90% of
s has been so profoundly affected by
-ithat it has lost all its solubility for
"e In fact, this exclusion of Na’
uld hardly be absolute for any
)Iume of water. Thus it is more
« to suppose that virtually all the
.been profoundly affected by PEQ
“ney.

Pcentrations represented here in
“.nnot be directly compared with
*a in Figures | and 3. While the
'fh,‘,ivity measurements shown in
7=d 3 were made on the basis of
olymer systems containing no
“1lue data shown in Figure 6 were
1 polymer-water-sysiems con-
=2 trate. Indeed it was by varying
. uon of the Na’ citrate that the
<> system. enclosed in dialysis
,fferem water contents were
.'_'w.- subject of swelling and
~olymer-water system in dialysis
~1y described by Ling®®). How-
' mparison concerns 40G¢ PEO.
centration the Na' ciwrate
~rolymer-water system is only
~. the surrounding Na'-citrate

Z speakmg. “the PEO PVP. Cand

solution. Therefore, a comparison of the
water-activity-reducing cffect and the sol-
vency reduction effects can be made legiti-
mately. Closely parallel behaviors obscned
include sharp changes at certain polvmer
concentration and the rolata g clic. venes
ol both ety of cifeciy among (he theer
polvmers studied in the rank order gelaun
< PVvP < PEO.

One of the rcasons previously given for the
greater solvency-reducing cffect of PEO than
the two other polymers is that due to its
extreme simplicity of structure and the lack
of any side chains, it cannot form hydro-
phobic bonds or interaction H-bonds as is
possible in the case of gelatin (Ling et al’).

The paraliel behavior between the water-
activity-reducing effect and the solvency-
reducing effect of these oxygen-containing
polvmers and proteins is to be expected from
the proposed mechanism for both pheno-
mena. The water-activity-reducing effect is
seen as the consequence of the polarization
and immobilization by the propagated polar-
ization emanating from the oxygen atoms
and the consequent reduction of, in particu-
lar, the traaslational and rotational “parti-
tion functions™ of the water molecules in
staustical mechanical terms (Ling'®!!123¢%,
Ling et al®). Such a reduction of transla-
tior=! and rotational partition funciions
lowers the vapor pressure of the water, which
was in fact what we actually observed with
the Wescor vapor-pressure osmometer, At
this point, it is most gratifying to learn that
the recent quasi-elastic neutron scattering
studies of Rorschach. et al”’, not only have
demonstrated reduction of translational and
rotational freedom of water in living cells of
brine shrimp cysts but aiso in PEO-domi-
nated water ( Rorschach’).

The solvency-reducing effect has also been
explained in terms of a translational but
primarily -otational partition function reduc-
tion not of the watcr molecules themselves
but of the large, complex solute molecules or
hydrated ions (Ling'®'?). However, reduction
of motional freedom of these solutes is the
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; _ consequence of the reduction of the motional the postulatcd matrix chains are indeed fU"y

X freedom of the solvent water molecules. in extended, "how would the content of these
the same sense that the loss of motional free- proteins affect the number of water mole- —
dom of a burterfly when it is caught on a cules found between the nearest neighboring

chains? Would there be enough matrix pro-
teins effectively to control the properties of
the bulk phase water? A simple caiculation
goes a long way toward answering these

Quantitative Consideration of the Posiu- questions. Thus' if one liter of cells contains n

lated Marrix Proteins in Living Cells. The grams of tpatnx. P rol.e ins, one can use an / -Z:"‘

- concentration of polymers needed to produce a\"erangc amino acid residue weight of 112 (see
a pronounced effect on water activity and on Ling_.p. 48).an Avogardro's number of
- solvency is as a rule quite high (e.g., 40-50¢%). .
Can this system be compared with that of the

spider web is the consequence of the attach-
ment to the immobilized elements of the
spider web.

B I Bl )
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living cells? The answer is yes for three fully. extended polypeptide ghains of the
reasons. atrix p;otexns equal ::/ 1 12))( 6.06 X 10° X :::j
First, the required osmotic activity of most 107 =189 X 10" X ncm. Cut .imo 10 %
living cells falls in the range of 0.2 10 0.3 m i ﬁlar:rxents\ these filaments, uniformly 'S
OsMolal. One does not require a 40-500 d‘s‘\f/’Mm_aﬁﬁx 10X 10 em cube, would
X PEO solution to produce this level of osmotic be V1.89 X 107 n or 4.34 X 10° n filaments a
N activity, a 205 PEO or 25% PVP or gelatin to each snc!e. The distance between each
e can do quite well. nearest nclgshbormg fila 7 would be -
N Second. according to the polarized multi- 10/4.34 X 10°n)= 2.30 X 10°(J'n cm. Figure -
L layer hypothesis of cell water, the maximum 7 ShQ“'S a plot 'Bf\l.b;ﬁrce'i‘{a}\of matrix " -
effect on water polarization, solvency reduc- proteins in a cell against the distancetright™ :
- tion and water-activity reduction occurs crdinate) and the flumbcr of wate: moleguies
- when the “matrix protein” chains are fully be“_"““ each pair of nearest neighbotigg
e extended and are highly ordered as in the chains (left ordinate). assuming a diameter 0
‘:: highly organized living cell interior. All the 3 A for each water molecule.
' model systems studied are obviously far from What this figure demonstrates is that
29 this situation, being more like a randomly between the wide range of matrix protein
tangled mass. Testing the expected effect of contents from 5% to 806z an amazingly
.::, - ordering these disordered chains on Jowering - modest change in the number of water mole-
N p-values. Ling et al®" found that the px, for u“\‘ cules between the protein filaments occurs.
. the PVP-water system did indeed decrease G‘W‘ Indeed. even at a matrix protein concentra-
__with stirring, which tends to line up the linear f tion as low as 5%. there are no more than 10
w chains. These results are in fuil accord with e water molecules between a pair of nearest
- the earlier report of Woessner and neighboring chains. This is a concentration
v Snowden™ who produced NMR evidence for \ . that one can reasonably expect of the postu-
increased water structuring as a result of the lated matrix proteins, epecially if onc 'c""_'l:f
stirring of another polymer-water system, a thal. fnhc'r g.lobular. Prolcms ;‘m.l derLl}‘
' solution of Kelzan®, a bacterial poly- participating in polarizing the cell water mus
& saccharide. take up space apd would‘thuf help to reduce
- The third point concerns the relation the average chanp-lo-cham distance between
- between protein contents and distances the matrix proteins to bclo.w 10 water mole}
- between protein chains where cell water is cules. On the other hand, if one or ":m °“
found. Even though some cells (e.g.. human the other non-matrix proteins in l. e ce
erythrocytes) contain as much as 409 resembles herpogloblp. the dfnta of Figure |
,: protein, most living cells contain 20 to 30% suggests that it too will ‘-'0'“;“’“‘_‘- ‘h°“$’\‘:“‘:‘
- protein. Furthermore, only a part of this can a mucﬁ smaller ;xtent. to the water-activit
o reduction essential for the maintenance of

be the matrix protein. The question is then. if

normal cell volume.
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FIGURE I. Osmoalality of gelatin and hemoglobin at
varying concentrations. Osmolality is given in Osmolal
concentration. Protein concentrations are in T (wt wi).
Each point is the average of at least 4 independent
determinations and the distance between horizontal bars
are twice the standard errors. Six extra points on the
hemoglobin curves shown as J's are taken from Adair's
data (see text).

FIGURE 2. Osmolainy of polvvinylpyrrolidone (PVP)
solution at varying concentrations. Details are the same
as in Figure |.

FIGURE 3. Osmolality of poly(ethylene oxide) (PEO)
solution at varying concentrations. Details are the same
as in Figure |
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FIGURE 4. Plot of »/C against C in PVP solutions.
Osmotic pressurc. . is in units of em of H:O Cia grams
of polymer per liter. Data are the same as in Figure 2,
except that standard error bars are not represented. The
solid line going through the experimental points are
based on Equation i. Values of virial coefficients chosen
to fit the data are given in Table |. For comparison the
hemoglobin data of our own and from Adair are also
shown.
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FIGURES. =/C vs. C plots of PEO solutions. Details .1
are similar to those described in Figure 4. Value of virial o]
coetficients are-those given in Tabie . For comparison f":: ]
hemoglobm data of our own and from Adair are also s
shown. e
FIGURE 6. Plots of apparent equilibrium distribution .._'.'.1
coefficients of Na~ salts (p-value) of polymer water T

- systern agamnst polymer concentration given as S¢ (w : w).
{from Ling and Ochsenfeid"’).

FIGURE 7. The theoretical distances both in gng-
strom units (right ordinate) and in number of water
molecules between nearest neighboring (fully extended)
protein chains in hypothetical case when the entire
protein contents (abscissa. in O¢ (w w)) are in the fully
extended state and occupy no space.

TABLE L V\xr'\al :oef}'mems from the osmotic properties of aqueous s,vsterﬁchlann. PVP, and PEO.
\\ " \ / \ / ) // "
n ¢ D \
~ uvmlnml';‘l‘_ = -
N

TABLE I.  Vinal cocificients from the measurcd osmotic properties of aqueous systems of gelatin, PVP,

and PEO.
B c D
imol.mlg?) tmol.ml. *g") {mol.mi. g™
PEO 5.54 % 102 217 X 10° -
PVP 1.25 X 107 - 3.28 x10?
—_— Gelatin 3.29 X 107? 5.5 % 107 -
Hemoglubin 1.5 x 107
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l. INTRACELLULAR POTASSIUM: PUMPED OR ADSORBED?

’
¢
]

Water, proteins, and potassium ions are the three most abundant components of the living
cells. According to the membrane-pump theory, intracellular water and K* exist largely in
the free state. This thcory has provided the theoretical framework for a great number of

')
Lo
4, .,

o brilliant achievements, including the theory of cellular potentials of Bernstein (1912), Hodg-
Tt kin and Huxley (1952), and many others.
A According to the alternative “bulk-phase theories™ as champicned by Moore und Roaf
- (1908), Fisher and Suer (1935), Gortner (1930), and others, a substantial part of the cells’
G K* and water may exist in a bound state. This view all but vanished in the early 1940s.
\: The membrane-pump concept became almost universally accepted and taught. But not esery-
L'. one was so convinced; among the doubters were Emst (1963), Troshin (1966), and m)'self.
o Having discovered that iodoacetate plus anoxia failed to slow down the rate of Na*
& . efflux in frog muscle (ng, 1951, 1952, 1962; which in the membrane-pump theory largely
represents outward Na* pumping rate), a finding subsequently confirmed by Keynes, Conway
& and co-workers (Keynes and Maisel, 1954; Conway er al., 1961), I reached the conclusion
e that the postulated Na pump would consume more energy than the cell commands. As an
::::: alternative, 1 suggested in 1951 and 1952 a new theory that includes 2 moleculur mechanism
e for the selective accumu!atnon of K* over Na™ in living cells as well as in (sulfunatz type)
": cation-cxchange resms, This thcory compnses four postulates: (1) fixed anionic (and cationic)
i sites exist throughout the living cell and not limited to the cell membrane as previously
S suggested (see below), (2) these fixed ionic sites belong primarily to proteins. e.g.. B- and
y-carboxyl groups, (3) in living cells and some model systems there is a high degrcc of
‘. counter-ion (for example, K*) association with fixed anicnic sites, and (4) electrostatic
ot adsorption on fixed anionic sites favors the smaller hydrated K* over Na* (Ling, 1951,
A~ 1952).
.-’ Gilbert N. Ling ® Department of Molecular Biology. Pennsylvania Hospital. Philadelphia. Pennsyhoanis 19107,
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366  G.bert N. Ling
A varicty of experimental stedies were carmied out 1o test whether iniracellolur K= s '_

free or “bound,” including the sepor prescure measuremient of Hill and co-waorhers (Hill,
1930; Hilt and Kupalov, 1930). the measurement of K™ maobility in nerve and miusele cells
{(Hodgkin und Keynes, 1953; Kushmenck and Podolsky, 1969), the micesarement of intra-
celtular K* activity with a K 7 -sensitive microciecrode (Hirke, 1961), the demonstration
of un ubility of pure natural cell mombrance (red cell ghosts: Freedmen, 1976). or synthictic
membrane vesicles (phospholipid vedicles containing K-Na activated ATPase) selectively to L
sccumuiate K= er Na© (Hilden ond Hokin! 1975, Geldin and Tong, 1974). These findings.
in addition to the gpparent contradiction (Berendsen and Edzes, 1973; Cooke und Kuntz,
1674) of early clzims of demencrration of K* and Ne® binding (Cope, 1865; Ling und
Cope, 1969) as well as H.O tinding by NMR (Hazlewood ef al., 1969; Cope. 1969) led
many scientists to the conclusion that the bulk of intracellular K* as well as wuter is in a
free state.

More careful scrutiny of the evidence. however, has revealed that this conclusion was
incerrect (a full in-depth revizw will bz given in my forthconting book (Ling. 1983). for a
brefer and less complete one, sce Ling and Negendank, 1980).

On the other hund, the pure membiane “vesicles.” pur excellence, i.e., the <quid avon
membrane sacs free of axoplasm do not pump K™ or Na* (Ling «nd Negendenk, 1980),
whereas an effectively membrarcless open-ended (EMOCQ) preparation of muscle cells does
pieferentially accumulate K* and extrude Na* (Ling, 1978a). -_*.j

.-
N
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Il. EVICENCE THAT SUFPORTS BINDING OF INTRACELLULAR K+

The most definitive experimental evidence thet the bulk of intraceilolar K existy in
an adsorbed state has come in the last five years.

Accordirg to the Assaciation-Induction (A1) Hypothesis, the bulk of iatracellulur K °
15 adsorbed on B- und vy-carhoxyl zroups of cellular proteins (Ling, 1952). Becauce in muscle
ov 60% of these znjonic grogps belong to myosin (Ling and Ocheenfeld, 1966). uind
miosin is foend only in the A bund of the muscle myofibrils (Hanson 2nd Hunley, 19323,
the theory predicts the localization of K™ in the A bands. There is also belief that the <ites
that bisd vranjum in clectron-miczoscope sections of riscues are also the B- and y-carboyyl
groups (Ling, 1977a). Accepting this view, the Al Hypothesis further predicts that if one
can in somc way visualize K* as it exists in the living ccll, the pattern of its distnbution
would resemble a conventional eiectron-microscope picture. in which the darkly stzined area
{by uranium) would be where most K* is found. To test this hypothesis, 1 vsed autora-

7

AR A
tl..‘- L

RV

4
o diography. Unforunately. the two redicactive isotopes of K* were not suitable because one
‘, . has 100 short a half hie (¥K) and the other is much too expensive (*K). For this reasan. 1 -
w settled for two “sumrogates™ 'MCe und 7T both long-lived and ineapeasive. B
NE With a technigue for presemving olated frog imuscle in room temperature for up to ;
’ eight days (Ling und Bohr, 1669), most of the ¢ell K™ can be repluced phyciologically and
O B reversibly by 'HCa-lebelled Cs ™ or “*Tl-lubeled the!lium (T1*; Ling, 1977b). Single frog ,"%
N 5 muscle fibers, whose K* had been completely or targely replaced by labeled Cs” or Tl -, "::
\:: ‘ were isolated and rapidly air dred. After costing with photoemulsion and an exposire of ..\:
Vig about two weeks, the developed piciures appear as shown in Figl 1, where the paal 70
v Y, coverage of the cmulsion zllows ideniification of the hines along which silver granuies ::-7
’:.‘ congregate to be the A (durk) band. _-:1

This work was completely corroborated and extended by E¢elmann (19804). who uwed H
t Ly : - 14 e . v

rozen (rather than dricd) muscle fibers loaded with, for examiple, F¥Cs-tabeled Cs * |, coraud

out the eaposure in figuid ritrogen and scpareied the emulvon il from the underiving
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.
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Meckanisms of Cellular Pctentia's 367

Figure 1. Autoradiographs of frog muscle fibers. Single
THCs-loaded fiber purtially cosered with photographic emul-
sion (Frum Ling, 1977a, by permission of Physiol. Chem.
Phys ),

muscle fiber before taking light-microscopic or electron-microscopic pictures. Besides au-
toradiography, Edelmann carried out no less than three additional types of expzrimezntal
testing of the predictions of the Al Hypothesis, including transmission electron microscopy.
In this work, Ede!munn (1977) first replaced electron-light K= (at. wt. 39) in frog muscle
cells with electron dense, Cs™ (at. wt. 133) and Tl- (at. wi. 204). These Cs*- or TI"-
louded muscles were then frozen dred, and dry cut. With reither chemical fixation nor
staining. he obtained electron-micrograph plates (Figs. 2B and C) that reveal a pattern of
5 distribution of these K *-surrogates strikingly similar to the glutaraldehyde-fixed and ura-
¥ nium-stained preparation (Fig. 2A). When the sections were exposad to water (Fig. 2E) and
in normal “K ~-loaded™ muscle (Fig. 2F) only faintly dark areas show.

Edelmann then used’another method to test the hypothesis (EdeImann, 1978), dispensive
x-ray microprobe analysis. In this. an electron beam was focused on either the A band or
I'band of Cs *- or Tl *-loaded as well as normal “K*-loaded™ muscle thin sections. The x-
ray spectrum revealed that the concentrations of all three elemezrts were higher in the A
band than in the I band. This work has been fully confirned by Trombitas and Tigyi-Scbes
(1979). who demons:rated much highzr K* concentration in the A bands than in the I bands
of isolated myofibrils of honeybee thorax muscle.

The observations described above have established that in voluntary muscle K™ is
localized in distribution. Other evidence shows that the accumulated K* can be displuced
by other univalent cations; the effectiveness varies greatly with different ions that have the
same long-range attributes (that is, univalency) but differ by short-range attributes only. The
fact that this ion-specific effect is fully preserved in muscle cells whose membrane (plus
postulated pumps) were made functionally ineffective (EMOC preparation; see Ling, 1977b)
suggests that the localized K * is specifically adsorbed, one K ~ to one anionic site. Additional
evidence of the adsorbed state of K= and Ca* * distribution in the A band is derived from
N another new technique Edelmann developed.

Edelmuann’s (1980b) fourth effort to test the association~induction hypothesis was even
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Figure 2. Electron micrographs of frog sartorius muscie. (A) Muscle fixed in glutzraldehyde only and stained
with uranium by conventional procedure. (B) EM of section of freeze-dried Cs ©-loaded muscle, without chemical
fixation or staining. (C) T1 ~-loadcd muscle without chemical fixation or sisining. (D) Same v (C) sfier exposure
of section to moist air, which causes the hitherto even distribution of thallium to form grunular deposits 1in the A
band. (E) Section of central postion of (B) after Jeaching in distilled water. (F) Nonmnal “K-loaded™ muscle. (From
Edelmann, 1977, by permission of Physiol. Chem. Phys.).

more striking. He used the new technology called laser-microprobe mass spectrometric
analysis (LAMMA). In this, he used freeze—dried and dry cut regular normal frog muscle
cells. The thin sections obtained were dipped in a solution containing 50 mM K*, 50 mM
Na*, and 10 mM Cs*. Freed of adhering fluid, the A band was vaporized by a focused
laser beam and the vaporized atoms analyzed quantitatively. Peak heights, when compared
10 a control gelatin film containing known quantities of 50 mM K7, 30 mM Na*, und 10
mM Cs*, rcvealed preferential uptake of K™ and Cs™ over Na* . Here, there is no question
of membrane or_ membrane pumps, as we are decaling with a thin section less than lum
thick from a single muscle cell 60 pm in diameter. Yet sclective K™ und Cs* over Na*
adsorption can be demonstrated in vitro, yielding convincing cvidence for a fundamental
issue of century-old debate. The bulk of intracellular K* is adsorbed on anionic proiein
sites.

. OSMQTIC ACTIVITY

The establishment of the adsorbed state of the major cation. K*, demands a “new™
source of osmotic activity inside the cell to'balance that of free Na ™ in the external medium
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(Ling. 1980b). Remembering thut osmotic activity in fact is a measure of the decrease of
water activity, this “new™ source. in the Al hypothesis, ts the third major component of the
cells, the proteins. More specifically. it is the extended polypeptide chain of a “metria
protein” postuluted to exist throughout the whole cell in all living cells. Although, not yet
clearly established. actin, tubulin, and other cytoskeletal proteins are likely candidates,
though in the Al hypothesis, they must exist, in the resting living cells, in a finer state of
dispersion than those usually seen in electronmicroscopic pictures.

The matrix protein or proicins polarize in multilayers and hence reduce the asmotic
activity of the bulk of cell water amounting to. on an average, about ten layers of water
molecules between two chains. It is the reduced solubility of water in this state for large
hydrated ions. e.g.. Na~, and molecules, e.g., sugar and amino acids, that functions to
maintain the low lex el of these solutes in muscle, nerve, and other cells. Since there are no
other osmotically active molecules or ions in the cell which match in concentration that of
K *, the establishment of the adsorbed state of K~ adds an important reason for the polarized
multilayer theory of cell water. (For recent experimental evidence supporting this view, see
Ling er al., 1980a,b; Ling. 19812).

One major concept of the association-induction h\. pothesis, a high degree of association
between the major components of the cell (proteins, water, and K*), is now reasonably
well established by the experiments described above. The second major concept is yet far
from being established, it concems the control of coherent behavior through the propagated
short-range inductive effect. or more completely the indirect F-effect, where the F-effect
refers to the combined inductive or [-effects mediated through intervening atoms and D-
effect mediated through space. A propagated F-effect is called an indirect F-effect (Ling,
1962). This provides a possible mechanistic basis for what later Monod et al. (1965) called
“allosteric™ effect (Ling, 1962, 1977d, 1981b). In the Al hypothesis this inductive effect
lends cohereace to the associated protein—K *-water system as an autocooperative assembly
by providing a mechanism for near-reighbor interactions among adsorption sites for ions as
well as H.O. Just.as important, the inductive effect provides the theoretical basis for the
conirol of many binding sites for K*, H.O and other molecules on the protein chains by a
small number of “cardinal adscrbents,” including ATP and Ca* * which adsorb on specific
controlling sites of the proteins. called “cardinal sites.” Cardinal sites include what are
comnmenly known as receptor sites (Ling, 1977d, 1981b).

A

e I
.. ...
by

S
K N

D
Anaia Al of kel

N
~

e

.
It

IV. SOLUTE DISTR/IBUTION

A general cquation for soluie distribution in living cells and model systems was iatro-
duced in 1965 (Ling. 1965). Choosing K* (and Na*) as examples, and assuming the
existence of only one type of adsorption site, the equation reads:

(K*)en = agx (K]

free K* n
(K"l
T < K“’?&—-K -1

+_l£1_ |+ [Na*].,
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370 Gibent N. Ling

The first term on the right-hund side of Eq. (1) represents free K° in the cell water, und
the second term represents adsorbed K™ The concentration of free K= in the cell depends
on a, the water content, [K ™). the external K~ cencentrution, and g¢i. the {average)
equilibnum distribution coetficient of K~ in the cell water. The value of ¢ ts near urity for
small molecules and molecules that can fit in the polurized water lsttice but are low for

:'.. o

hydrated ions (g«, = 0.1; gx = 0.3, and other larger molecules (Ling, 1977¢; Ling er al., :.';j

1980a,b; Negendunk and Shaller, 1979). The term representing adsorbed K * is an adsorption ;‘

isotherm that was introduced in 1964 (Ling, 1983). Here |f] is the concentration of the

adsorption sites for K~ in moles per kilogram gof fresh cells. K - « is the intrinsic

M ‘} C{’m ‘4{3 equihbrium constant for Na — K exchange, —vywa - X%/2 is the nearest neighbor interaction S
energy between K* und Na* (for more details, S¢e Ling. 1970, 19%0a: Ling and Bohr, e

___,-)I/Q m@’t zcro, the isotherm becomes in essence the usual Largmuir tvpe. —

..-.
'.'.'.'!
Talale S

—_— ﬁ
‘)//2 //‘}- However, \nhanis larger than zero. the isotherm is autocooperative. The cquilibrium

concentration of K* adsorbed ((K*,4) by the cells when plotted against increasing external
K * conceniration (at a constant {Na* ).} is S-shaped or sigmoid. showing lowcr increment
of uptake per unit increment of external K* concentration at low external K* concentration
than at a higher externa! concentration. When the same data are plotted in a double logarithmic
plot, i.e., when log [K*],4 or log ([K*].y{Na*]..) is plotted against either log [K*]., (at
constant [Na*).,) or Jog (|K* ]../[Na*]..), the slope at the locus where [K * 1,5 equals [Na* ],4
S is greater than unity. Indeed, the suzight line with this slope and pa;ﬁ.\ng through the locus
of equal K* and Na* occupuncy is onz described by the equation introduced by A. V. Hill
(1910) to represent the oxsgen uptake of hemoglobin. The slope of this double-log plot is
the Hill’s cozfficient n. n, so far an empirical parameier. has long baon suspected to be

]

related to cooperativity. 1t is, in fact, equal to exp ( —;_%T-_) where R and T have the usual
meanings (Ling. 1963, 1980a).

The remarkable feature of an autocooperative adsorption is its “all-or-none™ naiure.
That is, with a minor change in the ratio of K* and Na* concentration in the medium, the
adsorption shifts from all K* to all Na*, as diagrammatically iHlustraied in Fig. 3A, where
the ith and jth solute may represent Na™ und K™ respectively. )

Experimental studies shawed that in a variety of living cells, the K* and Na* distri-
bution follows Eq. (1) well. These include frog muscles (Ling, 1966; Ling and Bolr, 1970),
rabbit uterine muscle (Jones. 1970), canine carotid arneries (Junes, 1973), guinca pig taenia
coli (Karremun. 1973: Gulati, 1973), and human lymphocytes (Negendank and Shaller,
1979). Funthenmore, in agreement with the association-induction hypaothesis. a number of
agents including drugs such as oushuin and ions such as Ca™ ., which collectively are
referred to as curdinal adsorhents. act on the K° and Na® disiritation by changing primunly
K& — k as diagrammatically llustrated in Fig. 3B, Thus. ¢ - are of frog muscle 1o a low
concentration of ouabain13.26 x 10 M) causes virtually all intraceHutar K, to be replaced
stoichiometrically by Na* by merely changing the value of K3k from 200 to about 10,
as shown in Fig. 4. The fuct thut K= is adsorbed 1o begin with and that the ouabain cffect
is entirely intact in an EMOC preparation (Ling. 197843 shows that ouchain does not act
on membrare-pumping mechanism, but diminishes the seleciivity of the adwomption sites of
K* over Na~. Ca” . en the other hund, acts 1o presenve the hich K, .« value. so that
removal of Ca* * then acts like ouzhain (Jones. 1973).

How a small number of bound Ca tons or ouzbain melecules cen affect many more
K* and Na“~ adsorption sites is a subject of contral interest in the Al hypathesis. As T have
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Figure 3. (A) Cooperative shifts between i and j c . . .
states due 1o a chsnge in the relative concentration }
of the i and j solutes in the environment. (B} Co- , O 0 O :
operative shifts between i and j states due to ad- (c_':;:: I I T T T T T l
sarptiva-deserption of cardinal adsorhent in 30 N 4nseREze T o I . . l
viroament with unchanging i and j concertrations. X . o |
(From Ling, 19774, by pemmission of Mol Cell . . o ' i
Biockern.). B l X . o g
already mentioned, the propaguted inductive effect or indirect F-effect offers the basic A
information- and energy-trunsmitting medivm. Tshall mow review the mechanizm of shift -
H ou rd . .
in K¢, ~ x as a result of the prapagated inductive effect. :
The facts that sulfonate fype of ion exchangs resin with low oK selects K™ over N:‘\ N
and phosphoric and carboxy) types of ion exchange resin with high pK, values select Na* J :
over K* (Bregman, 1933)./the theery of Teurissen and Bungenberz de Jong (1938) that an N
similar rank order of selectivity chunges reflect dirferences of the field strength of the anionic .
groups, as well as the work of Eiscnman er al. (1957; sec also Ling, 1960) provided the :
stimulation to extend the earlier (1932). more restrictive model of selective adsorption of 2
v .I
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Figure 4. Effect of ousbain (3.2 x 1077 M) on the equilibrium distribution of K= and Na* ion. Cunves with
open (Na®) and filled (K°) circles were equilibrium-distribution data from muscles not weated with ouabain. The
puint of irtenection gives a K&,k of 100. In muscles treated with ouabain (3.2 x 10°7 M), K%,—x hus shifted
to 21.7. (From Ling and Bohr, 1971, by permission of Physiol. Chem. Phys.).

K* over Na™* to a more gencral madel in which selectivity of K* and Na* as well as other
manovalent ions are varizble (Ling. 1957, 1960). Indeed, in this microscopic model. the
selectivity of K* and Na* vanes with a small change in the electron density of un anionic
oxvgen atom, measurcd as a2 ¢-value. Rigorously defined elsewhere (Ling, 1962, p. 58),
the ¢-value may be mare simply described as a way to quantitatively simulate the aggregate
cffects of the remaining atoms of an oxyacid on the interaction of a hypothetical. prototype.
singly-charged oxy zen atom with a cation, as a displacement (in Angstrom units) of the unit
elecinic charge on the oxygen atom from its oniginal prototype location at the center of the
oxygen atom. Thus, if the aggregate effect produces an overall displacement of clectrons
in the system toward the oxyacid oxygen, it can be exactly maiched by a speciiic dispiacement
of the unit charge toward the cation, represented as a positive c-value, cg +1.0A. On
the other hand, if the aggregate effect is 10 produce the opposite effect, it would be represented
as a pegative ¢-value, e.g.. — 1.0 A. Thus. high c-value corresponds to high pK, as in acetic
acid, and low c-value commesponds to a fow pK, as in trichloracetic acid.

In this theory. it is the propugated change of the c-valuc of cooperatively linked B- and
y-carboxyl groups that gives rise to the observed alteration of K&, .  (Ling. 1957, 1958.
1962, 1969).

V. SELECTIVE IONIC PERMEATION

g <

In 1953, 1 suggested that the basic mechanism of selective K* adsorption on the B- N
and y-carboxyl groups on the cytoplasmic protein may be extended to - und y-curboxyl =
croups of protzins on the cell surface (Ling, 1953). That the ccll surface is endewed with
fixed n2gative charges hus long ago been considered by Bethe and Toropoff (1915). Michaclis
(1925). Teorell (1935-1936). Mever and Sievers (1936), Soliner er al. (1941). und others.
It vas new, koveever. 1o posiulate a high degree of counter-cation association us the basis
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of selecrive K= permeabiliny (Ling 1953, 1960, 1962, 1969). In 1965, Ling and Ochsenteld
provided positive evidence thut the surface anionic sites may well be B- and y-carboxs!
groups since the rute of K™ permeation shows an inflection at ptl 4.6, the characteristic
pK. of B- and y-carboxyl groups (Ling and Och«enfeld, 1965). Entry of K™ by assysociution
of the ion with surface B- and y-carboxyl groups is followed by libration of the ion near l,i
| ‘ " the fixed anion. Subsequent dissociation and entry into the cell shows “satyration™ and .
) “competition.” This adsorption—desorption route is one way by which a charged ion of
: oppusite sign to the surface fixed ions may gain ep:

l-_ o layegXpuncture (Ovenon 1899} )occasionally with narrow water-filled porel. Yet, in the
oo last‘2d years or 50, new evidence has been put forth to suggest that this as<finption might
be true only for centain highly specialized cells, e.g., human erythrocytes (for revie'v, see
. R Ling, 1981b). Among the reasons cited for this view are the following: (1) with few ex-

ceptions, e.g., human erythrocytes, most cell membranes do not contain enough lipids to |
form a continuous bilayer (Ling. 1981b: Jain, 1972, Table 9-2). (2) removal of virtually ali
lipids did not change the overall thickness or the trilaminar layer spacings of the membranes
(Fleischer et al., 1967, Morowitz and Terry, 1969), (3) in the prototypical egg cell (of the
frog) the rate of diffusion of labeled water through the cell membrane is equal to ths rate
of diffusion in the egg cytoplasm (Ling ef af.. 1967), and (4) at 107 M the K~ -ionophore
valinomycin reduces the resistance of artificial bilayers of lipids, extracted from envthrocytes,
from 10°Q cm? t0 2 x 10* Q cm? in the presence of 30 mM KCI (Andreoli et al., 1967).
The membrane resistance of frog muscle cells is 3000 0 ecm? (Katz. 1966, Table 1) of which
more than half is due to Cl™-conductance (Hutter and Padsha, 1959). Thus, the K~ con-
ductance of frog muscle cells is also in the realm of 10* Q cm”. If a substantial part of the
muscle membrane barrier is lipid. exposure of frog muscle to 1077 M valinomycin in the
presence of 30 mM KCl should cause a substantial increase of inward K * flux rate. In fact,
none was observed, nor was any change observed in frog ovarian eggs (Ling and Ochsenfeld,
unpublished), in squid axon (Stillman et al., 1970), or in the inner membrane of mouse
liver mitochondria (Maloff er al., 1978). Hovever, a twy-fuld increass of K* flux rate was Ié_\

.

T
'

observed for human erythrocytes (Ling and Ochsenfeld, unpublished), in agreement with
the unusually high lipid content of the red cell membranes (Jain, 1972, Table 9-2).
According to the Al hypothesis, the physiological barrier at the cell surface is multi-
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layered water polurized by cell-surface mainx proteins with extended polypeptide chains
(Ling. 1981a). Mcmbrane lipids serve the role of stabilizing the protcin-water system und
of simple insulation (Ling. 1977¢). This model readily cxplains why some model semi-
permeable membranes possess “pores” many times the dizmeter of soluics 1o which it is
virtually impermeable. Thus. the copper ferrocyanide membrane corsists of 3 network of
crystalline panticles with an average diameter of 150 A, and the interstices are expected to
be of similar dimensions (see Glasstone, 1946, p. 656). The averuage pore size of the active
layer of cellulose acetate is about 44 A (Schultz and Asumaa, 1909). Both the copper
ferrocyanide and cellulose acetate membrane are semipermeable, highly permezable to water
but virtually impermecable to sucrose which has a diameter of only 9.4 A (Ling. 1973). An
additional advantage of the polarized-water model over the conventional lipid layer-rigid
pore model is that the cell surface permeability is amenuble to the control by cardinal
adsorbents (such as Ca** or ATP), which are known to react with cardinzl sites (receptor
sites) on cell surface proteins.

This madel of surface permeation was deseribed by an equation that is a direct extension
of Eq. (1), except that, for simplicity, nearest-neighbor interaction was neglected. Under
this simplifying condition, the rate of eniry of an ith monosvalent cation into normal muscle
cells is described by Eq. (2) (Ling and Ochscnfeld, 1965):

VFJ" LDIICK ki

Vi= Alplet = =,

\_[21]'~J l + [Pn]u Kr + l,P/]u Kj (2)
[

E-Route | Route 2 <

where the first and sccond term on the right-hand side of the equation represent the sultatory
route {route 1 of Fig. 5) and the adsorption—dcsorption route (route 2). [p)e, and [p,)e. are
the concentrztion of the ith and jth cation in the external medium. K, and K, are their
respective adsorption constants on the cell surface. A and V" are both constants. Strong
suppont for this model came from the demonstration that ion entry into living cells as well
as inode! systems of cution-exchunge resin sheets, sheeps wool, and even a layer of 1solated
actomyosin gel are adequatcly described by this basic equation (Ling, 1960; ng and
Ochsenfeid, 1965, 1970).

VI. MOLECULAR MECHANISMS OF CELLULAR POTENTIALS

The verification of a localized and udvorbed state of K* mukes a fundamental change
of the cellular electrical potential incvitable. Indeed. a new theory of cellular electneal
potential bzsed on the carly version of the Al hypothesic was alreudy introduced in 1955
(Ling. 19535, 1939, 1960). Accerding to this theory, the cellular resting potential is not a
“membrane potential,” but is a surfuce-adsorption potential as was one time suggested in
general principle by Buur (see Baur cnd Kronmann, 1917). However Baur's theory, as a

variant of the membrane theory, envisages two such poh.muls one un cach side of the cell
membrane. The Al hypothesis suggests that the entire cell constitutes a proteinaceous fived-
churge system sharing similur attributes due to ien hinding and water pulunization. Therefore,
there is only one surface adsorption potential at the outer cell boundary. It is the density
and polurity of the surfsce B- und y-carboxyl groups. which also determune the rate of ion
permcation, as well as the temperature and the concentration of the external cation that
adsorbs onto these anionic sites that determine the mugnitude of the resting potential. For
resting frog muscle, the simple equation was given by Ling (1959, 1060, 1662, 1907, 1982):

n)—
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: RT . .
¥ = constant — — tn 2 K. [p. ]u), (3)
- i = |
where [p, * Je. represents the concentration of the ith monovzlent cation in the externz! medium

~

and K, is the adsorption constant of the ith monovalent cation on the surface anionis ites.
In a more explicit form, Eq. (3) may be expressed as

DY DRVP OGS i FRUGLT S S WL 5y x-'_-_';'J

¥ = constant — '—;I en (Kx [K*]eo + Ku, [Na7).0). (4)

where Ky and Ky, are the adsorption constants of K* and Na*, respectively, and should
be the same as those in Eq. (2) (K., K)).

When the surface contains no fixed cation (as [ believe is the case in resting muscle),
there is no sensitivity to external CI" (Hodgkin and Horowicz, 1960), even though muscle
has a very high CI- permeability (Hutter and Padsha, 1959). Indeed, after eliminating the
Cl- terms from the Hodgkin-Katz equation (Katz. 1966; a procedure 1 feel not easily
defensible), the modified Hodgkin-Katz equation may, for short-termi experiment involving
little change of internal ion concentration, be reduced to a form entirely analogous to E/q
(3), with permeability constants P, instead of adsorption constants K. .

¥ = constant — -@Fz-fn ( > P [P:]u) &)

i =1

Edclmann et al. (1971) have determined both the permzability constants and surface-ad-
sorption constants of guinea pig heart with the help of Eq. (2) and concluded that & followed
Eq. (3) but not Eq. (5) (Edelmann, 1973).

The surface-adsorption model offers an explanation for the data of a large number of
reports, including those of Tobias (1950), Falk and Gerard (1954), Kao (1936). Shaw ard
Simon (1955), Shaw er al. (1956), Koketsu and Kimura (1960), and Tasaki and his co-
workers (1964, 1965), which indicate that the resting potential does not vary with changes
of intracellular K* concentration. Other data of Adrian (1936), Baker er al.(1961), and
Hagiwara et al.(1964), show that some dependency of ¥ on internal K™ can sometimes be
demonstrated (Ling, 1978b), on the basis of vanation of on¢ or more of the foilowing factors:
(1) change in surface fixed-ion density (Adrian, 1956), and (2) creation of new amphoteric
interface between perfusing or injected fluids and the exposed intracellular protoplasm as
well as the degree of ionization of fixed anions (coinpared to fixed cations).

In 1979, I further revised Eq. (3) to take into account nearest-neighbor interaction
amonyg the cell-surface sites (Ling, 1979). The equation for the resting potential now takes
the form:

¢ = constant —Een ! 1 + § -1
'OF Kl | €S IF F dEp(yRT)
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where, —\
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KT _ « and y have the same significance as in Eq. (1) but refer only 10 anionic sites
on a microscopically thin ccll surface. Eq. (6) can account for the grudual Jecreuse of ¥
with decreasing external K* concentration (and high Na™ concentration) below that of the
normal Ringer's solution (Fig. 6). This theoretical equation is capzble of explaining. for
example, changes of ¢ described by Ruzyllo and Vick (1974) for canine Purkinje cells.

The broader usefulness of Eq. (6) is demonstruted by its ability to explain the exper-
imental data of Maloff er u/. (1978) who mcasured the resting potential of the gizat mito-
chondria of cuprizone-fed mouse liver. This potential was virwally indifferent o external
K* concentration before 1077 M valinomycin was added. Contrary to the expectation based
on the membrane theory, in which the expected effect of valinomycin is to increase K*
permeability of the mitochondrial inner membrane, the absence of chenge in K™ conductznce
was demonstrated (see also Ling, 1981a). On the other hand. these obscrvations can be
described by Eq. (6), with the assumption that the affinity for K* on the surface anionic
sites is increased by valinomycin by a factor of three (For further discussion. sce Ling,

1981b).
A more general equation for the resting and action potential would include a diffusion

potential term,
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Figure 6. A piot of the resting potential agaimst extermal K7 and Na©™ enncemimtsa rghie: Aceerding 10 Eq. (6)
ordinate represents &' which s cqual 10 ¢ consiant, ahscisaa reprosents (KT (NG e which s (K7 ey
[Na®), =~ K, .o} For experiments cammicd out in the presence of a contant Commertraion of Na©, ¢ g, 100
MM the obscissa is then [Kla. (K2 C.11. Symbols are computed points, presered to mark out the separate
cunes. (From Ling. 1979, by permission of Pavsiol Chem Phas).

PRSI

LT~ 4 IR

e e .
r 'y '
PR

" - 4

'l!l.'.- -L -" YR

et e TwTEten
Adhnd o ¢

.‘

N 3 LSRN

Lt d bt




L v e AN A A S A/t Al S B T SR N A A AP PO S N i SR A et e S e S R e At A

- H
ot -+
L i Y r - -
. . ~ - o -

- ~ . - 4 “

1, -, ’ .
<, + T - .

. 4 L =T
- e - ‘

Mechanisms of Cellular Potentials 377

tant RT( ! 1+ il q

= N ¢ -_—— n S .

7 constant, F lK-l" Y(g - 1) + 4§exp('/:RT) (8) o -:
_RT R NaTIE < RIKCMR T e 0T o o tiz pET

F vod [Na* ), + v& (K*

where v, v&. y¥2. and +K, are the activity coefficients of Na* and K* in the cell-surface

[,
. . S f . > ‘"
layer water and external solution respectively. [Na free ynd (K * J%ee ‘are the free Na~ and
K* concentration in the cell-surface water, respectively. The second term on the right-hand
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Figure 7. Schematic illustration of the events
occurring af the cell surface at rest and during
activn  potennal, according to the  associa-
tion-irduction Ry puthesis. The upper figune shows
the resting cordition. in which K * is preferen-
tially adsortud at the cell surface. Water in the
state of pularized multlayen, represented as or-
dered Voo, has Tow solubiliny and permcability
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side of Eq. (8). a diffusion potential term, vanishes when the cell is at rest because under
this condition. ya'yed = [Na*][Na*], and viyy& = (K™ | (K™ ], Now

Na | 4
Yex Yex

s = —; ’ q = T s (9)
e Ty TR

where gu, and gx are the equilibrium distribution coefficients of Na™ and K* between the
surface-cell water and the external solution, respectively Subutituting Eq. (9) into (8), and
taking into account of the fact that v [Na*)e + & [K*).. is a constant 2nd that

N WK . implified to:

¢ = constanty — B—T- il ) (10)
Coo K Jex \/(E —1)° + afep(v.RT)

RT RT ), [MC‘

During excnanon K® -k f(asg due to the c- \aluc increase of the surface anionic sites,
gxa (and gi) concomitantly increases. The inrush of Na* brings about not only a canceilation
of the resting potential but an overshoot. The adsorption of Na* displaces K * from adsorption
sites at and near the cell surface, causing an increase of free K*, i.e., [K* 1. and hence
the defayed cutward K™ current (Fig. 7).

To be noted is the fact that the fixed-surface anionic site would function as a K~ channel
at rest and following activation. But the same sites with a transient ¢c-value change provide
an apparent Na™ channel. Yet in both cases, there is both a noncempetitive (“independent™)
component through the cell-surface water and a competitive component through the ad-
sorption—desorption route.

The delayed outward current more likely reflects not an opening of a specific “gate™
but the diffusion of K™* after its liberation from adsorpnon sites at and near the cell surface.
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EXPERIMENTAL CONFIRMATION OF THE POLARIZED MULTILAYER THEORY OF CELL

WATER INCLUDING DATA THAT LEAD TO AN IMPROVED DEFINITION OF COLLOIDS

-~ Gilbert N. Ling, Ph.D.

Department of Molecular Biology
Pennsylvania Hospital
Philadelphia, Pa.

SUMMARY

The polarized multilayer theory of cell water, as part of the
association-induction hypothesis, and its rapidly gathering sup-
portive experimental evidence were revicwed. It was shown that
the new insight offered by this theory reconciles many hitherto
unexplained phenomena and that new experimental data also suggest
an improved definition of the concept of colloids.

I. GELATIN: THE NAMESAKE OF COLLOIDAL CHEMISTRY

Thomas Graham, who introduced in 1861 the concept as well as
the name of colloids, explained in these words, " The plastic ele-
ments of the animal body are found in this class. As gelatine
appears to be its type, it is proposed to designate substances of
the class as colloids..." (KOAA 04 , the Greek word for glue, is
largely gelatine) (Graham, 1861, p. 182). The inventor of dialy-
sis, Graham also stated in the same article (p. 185), '" The water
of the gelatinous starch is not directly available as a medium for
the diffusion of either the sugar or gum, being in a state of true
combination, feeble although the union with starch may be..."

- Beside gelatine, starch and other colloidal materials, Graham also
. investigated copper ferrocyanide, which is a highly gelatinous
reddish-brown precipitate formed when copper sulfate is mixed with

* K ferrocyanide. It is the study of a membrane of this gelatinous

i precipitate by M. Traube (1867) and by W. Pfeffer (1877) that led

~ to the f-unding of the mermbrane theory. Unfortunately, Traube did

N not frl1-w the ¢lurg «rahom revealed hut chrse to charpion the sc- -
- called Mot v tTen s 1 opy™ to explate e 0 eabhitiy o f the o
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copper ferrocyanide gel membrane to sugars and other solutes. .
Later x-ray and electron diffraction studies have shown that the
interstices of the copper ferrocyanide lattice (100-200 £) is much
larger than that of sucrose (diameter, 9 X), thus disproving the
atomic sieve idea (Fordham and Tyson, 1937 - Glasstone, 1946). The
semipermeable property of this famous membrane model has remained
unexplained until quite recently (see below).
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That interaction of biological materials causes changes of pro-
perty of water was recognized even before Graham's paper of 1861.
For example, in 1849, Carl Ludwig, known as the father of modern
physiology, demonstrated that dried pig bladder when immersed in a
salt solution takes up a much more dilute salt solution than the
bathing solution in which the bladder was immersed. This " water
of imbibition" or " Schwellungswaser' clearly has different solvent
properties from normal water.

LA Sk gt 2 nt

In 1934 Holleman, Bungenberg de Jong and Modderman carried out
similar study as that described above by Carl Ludwig. However, in-
. stead of dried pig's bladder, gelatine was used. Like Ludwig, they
¥ also found that water in gelatine gel accommodated, at equilibrium,
less Na,50, than that present in the incubation solution. These
authors interpreted their data in terms of " negative adsorption."
Similarly when Mc Mahon et al (1940) found lower sucrose concen-
tration in the water taken up by copper ferrocyanide gel than in
the surrounding solution they too interpreted the data in terms of
" negative adsorption,” a term, which I think was not well chosen.
Conceptually it is obtuse (sece below).

Beside the unusual solvency property, gelaline water system ex-
hibits another distinctive feature: resistance to freezing. In a
gel containing 35% water, and 65% gelatine, the water will not
freeze even at the temperature of liquid nitrogen (-195.8 Cc) (Moran,

1926).

In summary, since its very inception, gelatine was seen as hav-
ing the property representative of colloids including the living
matter. These colloidal systems exhibit unusual solvent properties o
(and have been historically explained in terms of " negative ad- S
sorption') and are resistant to freezing. :
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II. EARLY CONCEPTS OF WATER IN LIVING CELLS 9

' A. Ideas of Pfeffer and Overton

According to the conventional membrane-pump theory of the liv-
ing cell, all or nearly all water in living cells is free. It is
. therefore interesting to note that those who first clearly sug-
gested that a substantial portion of the water in living cells is
not free but exists as " Schwellungswaser'" were in fact the founders -
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of the membrane theory, W. Pfeffer and one of its great supporters,
E. Overton (1902). Overton found that muscle cells when immersed
in a solution half of the osmotic strength of a Ringer solution,

do not swell to twice their natural size, as would be the case,
according to the membrane theory and the van't Hoff equation of os-
mosis. Overton suggested that a sizable fraction of the water in
frog muscle cells is " Schwellungswaser" which was considered to

be osmotically inactive. In later quantitative assessment of the
amount of this " osmotically inactive' water, the water content of
cells is plotted against the reciprocal of the,concentration (C)

of solutes in the medium. Extrapolating to C = = 0 yields the
amount of this fraction of osmotically inactive water. Ling and
Negendank (1970) showed that this concept is strictly speaking, in-
correct, because it, in fact, says that part of the cell water

does not leave the cell even at zero water vapor pressure in the
environment. Actual measurement showed that, under this condition,
no significant amount of water remains in frog muscle. These find-
ings showed that the kind of cell water behavior contrary to. the
assumption of the membrane theory as observed by Overton, cannot

be reconciled by assuming a portion of it to be osmotically in-
active. A better explanation has to be found.

B. Ideas of Gortner

Other proponents of unusual water in living cells included
Fisher and Suer (1939) and Gortner (1930). Gortner's work repre-
sents a number of physico-chemical studies by him and others of
water associated with biological materials., His criteria of
" bound wate:'" were based on its nonsolvency for solutes and non-
freezing at -20° C. From 1940 on, the bound water idea eventually
almost disappeared from the literature in consequence of two types
of contradictory experimental findings: (i) urea was found to
distribute equally between muscle cell water and the surrounding
medium (Hill, 1930); ethylene glycol was found to distribute e-
qually between erythrocyte water and the surrounding medium (Mac
Leod and Ponder, 1936). These studies led to the conclusion that
no bound water exists in living cells. (ii) Blanchard (1940) in
his review on " Bound Water" refuted the non-freezing water by
pointing out tgat pure water can be supercooled to temperature
lower than -20" C. This and other reasons led Blanchard to reach
the conclusion: No bound water exists in living cells,

C. Troshin's Coacervate Theory of Cell Water

A. S. Troshin (1966) from the Soviet Union, was impressed by
the findings of Holleman, Bungenberg de Jong and Modderman (1934)
mentioned above, confirmed their experiments and suggested that
the low levels of sugar, free amino acids, and ions found in living
cells have a similar origin: both gelatin and living cell pro-
toplasm represent colloidal " coacervates' systums in which water
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g has different solubilities for solutes (Bungenberg de Jong, 1949).
tf Regretably this highly talented and productive scientist ceased

e publishing on this subject in the sixties and he did not further
elaborate on how and why coacervates exclude solutes.

III. THE POLARIZED MULTILAYER THEORY OF CELL WATER AS PART OF THE
ASSOCIATION-INDUCTION HYPOTHESIS

In 1965 Ling expanded his theory of the living cell, the
association-induction (A1) hypothesis to include a more detailed
theory of the physical state of the bulk of cell water (Ling, 1965).
This theory attempts not only to answer the how and why the bulk
of water in a resting cell exists in a different physical state,
but also why and how solutes are excluded from water in this state.
Before discussing this theory, I shall first briefly sketch its
historical background.

A. Historical Background of the Polarized Multilayer Theory of
Cell Water

1. Contribution from Physicists. Gases condense on solid sur-
face often in a characteristic manner: a more or less flat plateau
is reached at low gas concentrations in the external phase, followed
by a steep rise at a higher gas concentration range. Thus :his type
of adsorption isotherm is ~ -shaped. Physicists De Boer and
Zwikker (1929) developed a theory for this phenomenon in terms of
multilayer adsorption. This theory was severely criticized by
Brunauer, Emmett, and Teller (1938) who pointed out even in the case
of very large and hence polarizable atoms like argon or iodine, the
solid surface cannot polarize more than one layer of the gaseous
molecules. Instead they proposed their own theory (later known as _
the BET theory) in which additional layers of gases taken up be- -
yond the first adsorbed layer are condensed in the same way as in -
liquid liquids. However, Brunauer, Emmett, and Teller also specif- L
ically pointed out that their criticiam was limited to gaseous
molecules that have no permanent dipole moments. For gaseous mole- !‘
cules with permanent dipole moments, as in the case of water mole-~ ]
cules, polarized multilayer like that suggested by De Boer and
Zwikker are quite feasible. Indeed, this case had already been
treated by Bradley (1936) who presented a polarized multilayer ad-
sorption isotherm (Eq. 1) in a form quite similar to the De Boer-
Zwikker isotherm,

Po a \
log (-;—) = K1K3 + KQ’ (1




- . e, v e L e W W T TR IR W WYL Y, WTTw T, W e LW, wa e B T ) - —
-t ST et e e P T - - MR Al

AP I K A |

5 “
where p is the vapor pressure of the gas under the experimental
condition and Py is p at full saturation. Thus p/po is the rela-
tive vapor pressure. a is the amount of gas taken up. Kl’ K.,
and K, are constants under a defined condition. Equation 1 can be .
written in a double log form: -

P
o
log (log (7;) - Ké) = a log Ky + K (2)

1"

2. Contribution from Industrial Physico-chemistses In the
textile industry, sorption of water is an important subject of con-
cern., Large uptake by cotton and wool fiber had been for a long
time explained as due to capillary condensation; i.e., the bulk of
water is held as normal liquid water in pores and narrow channels
in the fibers. Benson and Ellis (1948, 1950), in their study of
N,, 0, and CH, sorption on dry proteins could not find evidence
for such pores and channels. In fact they found that the total
amount of sorbed gases depends only on the state of subdivision of
the proteins and the total surfaces exposed. In sharp contrast,
extensive alteration of the physical state of wool, egg albumin,
and silk did not alter the amount of water sorbed (Mellon, Korn,
and Hoover, 1949). 1In these cases water uptake depends only on
the specific sites available in a protein; the state of subdivi-
sions makes little difference (Benson, Ellis, and Zwanzig, 1950).

From this group of scientists also came the important demon-
stration that beside polar side chains, the polypeptide chains of
proteins offer important sites of hydration, as indicated by the
sorption of large amount of water by amorphous poly-glycine ester
(Mellon, Korn, and Hoover, 1948) and by polyvinylpyrrolidone

[g‘%_%“l_]w which contain no polar side chains (Dole and Faller,
1950). Furthermore, this water uptake by the fibrous proteins and
polymers follows Bradley's polarized multilayer adsorption iso-
therm described by Equation 2.

Be Theoretical Reasons for the Introduction of the Polarized
Multilayer Theory of Cell Water

‘The logical sequence for the polarized multilayer theory of

'\i: cell water includes the following: .
il . . + :
b}: 1. In the water of living cells.varlous solutes (e.g., Na ’ 3
3N sugars, free amino acids) are found in much lower concentration ]
Ea than in the surrcunding medium. There are only three basic types .

of mechanism for the maintenance of such a difference in concen- i

tration between the cell and its aqueous environment. Two of
these, absolute membrane impermeability and pumping, have both
been ruled out (Ling, 1962, 1983), leaving a difference in the
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physico-chemical nature or solubility of the cell internal environ-
ment (i.e., water) as the only class of mechanism still tenable.

2. Virtuallx all cell water must be different, because the con-
centration of Na' and other solutes in the water of many cells may
be only 5% of that in the external environment. This sets a limit
of normal liquid water in the cells at 5%. Most likely this limit
is even lower because it is unlikely that the affected water can
exclude Na't completely as assumed in this 5% calculation.

3. Cell water comprises from 60 to 85% of the weight of most
cells. To convert 95 to 100% of this cell water to something with
distinctly different properties, there must be another substance or
substances that are at once ubiquitous enough and abundant enough
in all cells. Since some cells (e.g., human erythrocytes) contain
no DNA or RNA in significant amount, this substance can only be pro-
teins. (This does not rule out a similar role for the nucleic acids
and even polysaccharides in some cells to serve a similar role
assigned primarily to proteins.)

4. If all the cell proteins are stretched out and uniformly
distributed throughout the cell, the space between nearest neigh-
boring chains would be about 20 £ (Ling, 1962), which is roughly
equal to = 7 water molecules diameters wide. Since not all

cells prote&ns participate, the number of water molecules affected
by the involved protein must be greater (but not vastly greater).
Thus multilayers of water must be somewhat affected by the cell
proteinse.

5. One concept introduced of such an influence of proteins on
water was the " iceberg" concept (Jacobson, 1955; Klotz, 1958).
In this theary protein surfaces offer regular sites that have the
geometry of tridymite-like Ice-I structure. This then in some un-
specified way induces the formation of more ice layers (at room or
body temperature). This theory has been ruled out by the fact that
cell water can be supercooled and maintained in that condition but
not when the cell water is touched with a seeding ice crystal
through a cut end of the cell. Rapid ice formation in cells then
follows (Ling and Miller, 1970). This finding shows that no ice
could be present in normal cells to begin with (see below).

6. Theoretical considerations discussed in Sect. II, 1. and
2. offer sound basis for the consideration that the bulk of cell
water is polarized by cell proteins in the form of multilayers.

C. The Polarized Multilayer Theory of Cell Water and the Theory
for Solute Exclusion from Water in This State

The polarized multilayer theory of cell water first proposed
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in 1965 as part of the AI Hypothesis (Ling, 1965) was amplified in :
1973 and 1975 (Ling, 1973, Ling and Sobel, 1975), includes the .
following postulations,

1. In the intracellular space of all living cells not occupied ‘
by other matter, a network of regularly and finely dispersed pro- .
teins, referred to as " matrix proteins'' exists. «

2. The matrix proteins exist in an extended conformation with
their backbone NHCO groups directly exposed to the bulk-phase water.
The NH and CO group, being positively charged (P) and negatively
charged (N) respectively constitute a NP-NP-NP system.

3. Each of these CO groups and its neighboring NH group orient i
rows of water molecules with opposite orientations. As a result
there is not only radical polarization of the water molecules along
each row but also lateral interaction between water molecules in
immediately neighboring rows. The entire assembly thus assumes 3-
dimensional cooperative characteristics.

4, As a result of the multilayer polarization, the water
molecules liave reduced rotational as well as translational motional

freedom.

S. The electrical polarization of the assembly of water mole-
cules and the motional restriction thus created provides two basic
mechanisms for the exclusion of large solute molecules from this
polarized water: enthalpic and entropic. In both mechanisms,
small solutes and solutes that can fit into the water lattice may
not be excluded at all or may even be preferentially taken up.

The degree of exclusion as measured by the equilibrium distribution
coefficient (q-value) increases with increasing molecular sizes
and complexity (the size rule).

et aa s 20 ERES

modest (Ling, 1979). Thus to produce a q-value of 0.1 for a solute
(which is quite low for q-values), the required motional restric-
tion, represents no more than a factor of 10 in the " partition
function" ratios. This type of water structure is dynamic, the
long-range order can be revealed only after many repeated photo-

g;aphic exposures are taken. j

6. The degree of motional restriction considered is very i

IV. EXPERIMENTAL TESTING OF SEVERAL OF THE PREDICTIONS OF THE
THEORY

A. Solvency i

A corollary of polarized multilayer theory of cell water is
that when a protein exists in an a@-helical or other intiamacro-
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molecularly H-bonded structure, the bulk phase water will not be
influenced. As a result, even large solutes like hydrated Na ,
sugar, etc., will either not be excluded at all or minimally ex-
cluded. This theoretical corollary was confirmed by Ling,
Ochsenfeld, Walton, and Bersinger (1980).
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However, when either due to sp.cific non-helical molecular
structure, or exposure to denaturants like urea or guanidine HC1,
the backbone NHCO groups of a protein are exposed to the bulk
phase solvent, solute exclusion then is observed.

reason water associated with gelatin excluded Na' and other
solutes, normally excluded from living cells, is due to gelatin's
existence in an extended conformation, as a result of the posses-
sion of the repeated triads of non-helical forming amino acid
residues: glycine, proline, and hydroxyproline. In full agreement, .
a number of synthetic polymers including polyvinylmethyl ether ' g
H
(PVME) (-CH—Q- ) ; polyvinylpyrrolidone (PVP); poly(ethylene
0-ch,"

oxide) (PEO) (-cH2

Bersinger, 1980) which do not contain an H-donating group like NH
in the polypeptide chain also alter the solvency of the bulk-phase
water. These findings show that all that is needed to produce the
solvency effect on the bulk-phase water is the presence of un-
shielded oxygen atoms with its lone pair electrons along the chain
at distance roughly equal to that of two water diameters.

From these studies, the conclusion was also reached that the éi

-O-Cﬂf)n ; and methylcellulose (Ling, Walton, and

In agreement with this theory it was found that water associated
with PVME, does not exclude methanol but excludes larger hydroxylic
compounds in rough proportion to the sizes and complexities in full
agreement with the size rule long ago reported for living cells

.

L% (Ling, Miller, and Ochsenfeld, 1973).

E! B. Degree of Motional Restriction of Polarized Water in Model

NL Systems

FE The NMR relaxation time, T, and T, of the proton of water

f; associated with PVP, PVME, and PEO were studied (Ling and Murphy,

1982). The T, /T, ratios are very close to that of pure water (i.e.,
- near unity). This equality of T, and T, and the actual values of
T, and T, at the magnetic field used, permits a rough estimate of
t%e rotational correlation time (T ) which turns out to be no more
than 1 order of magnitude longer than normal liquid water and thus
o vastly shorter than that of ice.
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C. Swelling and Shrinkage of Polymer-Water Systems and of Living
Cells Without Intact Membrane

Dialysis sacs filled with a 307 solution of the neutral poly-
mer (PEO) maintain a swollen, unchanged, or shrunken volume de-
pending on the concentrations of Na-citrate in the external
solution even though the dialysis sac is fully permeable to Na-
citrate (Ling, 1980). This confirms the theoretical expectation
that it is primarily the multilayer polarization and hence lowered
activity of *he polymer-dominated water in conjunction with the
low equilibrium distribution coefficient or gq-value of Na-citrate
in the polymer-oriented water that determine the volume of the
sacs. A similar mechanism was suggested in the AI Hypothesis for
the maintenance of the size of living cells, which have been
shown to swell or shrink regardless uvf the presence or absence of
an intact cell membrane (Ling and Walton, 1976).
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D. Freezing Properties

A

Ling and Zhang in work yet to be published showed that the
non-freezing water in gelatin-gel is also found in water associated
with PEO and other polymers. They came to the conclusion non-
freezing is yet another trait of the water polarized in multilayers.
These data also clearly showed that the polymer-oriented water is
definitely not ice as postulated in the iceberg theories.

E. Adherence to the Bradley Adsorption Isotherm

Ling and Negendank (1970) showed that 95% of the water in
isolated frog muscle cells follow Bradley's adsorption isotherm
(Equations 1 and 2). In the last six years, three different lab-
oratories across the world using four modern+methods, showed that
the bulk of the major intracellular cation K is adsorbed
(Edelmann, 1977, 1980-81, 1981; Ling, 1966; Trombitas and Tigyi-
Sebes, 1979). Yet the cells are in osmotic equilibriun with a
Ringer solution which has an osmotic sirength equal to that of a
0.118 M NaCl solution in which both Na' and C1 are free. This
osmotic equilibrium with a Ringer solution is maintained whether
the muscle is in direct contact with the Ringer solution or separ-
ated from the Ringer solution by an air space as was the case in
the experiments described by Ling and Negendank (1970). 1In terms
of the Al Hypothesis, these observations indicate that the osmotic
balance is maintained primarily by the matrix proteins. Although
not yet clearly identified, it is believed that actin, tubulin, and
other cytoskeletal proteins may play major roles. However, it is
also believed that they exist in a finer state of dispersion than
seen in EM pictures. In other words we expect that the matrix
o proteins have properties illustrated, though less intensely, by
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with an average diameter of 45 R (Ling, 1973) which is 5 times wider
than the diameter of sucrose, to which the membrane is virtually
impermeable, clearly the situation closely resembles the case of
copper-ferrocyanide gel membrane. In both, a low g-value of sucrose
for the water polarized by either the cellulose acetate, or by the
copper-ferrocyanide, in addition to greatly reduced diffusion co-
efficient (D) for sucrose in this polarized water accounts for its
low permeability (P = g0). Of course, q-value as well as D-value
decreases as the size and complexity of the hydraulic compound
decreases. Therefore the permeability of these hydroxylic com-
pounds are progressively higher for the compounds with smaller size.
Water, having a g-value of 1.0 and apparently a correspondingly

high D, is the most permeable through both models and the living
cell membrane.

B. An Amplification of the Term, Negative Adsorption

With multilayer adsorption of water established, the term that
a solute is " negatively adsorbed,' can be better understood. It
signifies that like Na , glucose and free amino acids, a nega-
tively adsorbed solute is that which is excluded from the polarized
multilayers. However, the term remains a poor one, first, in the
sense the solute excluded does not have -direct contact with the
polarizing surface and thus is not at all AD-sorbed. Second,
negative adsorption suggests that the surface sites actually repel
it, which they don't.

C. Overton's Schwellungswaser in Living Cells

Overton was forced to postulate that a portion of -the cell
water to be different and in later investigator's lingo, osmotically
inactive. I already pointed out that this is not a sound idea and
is refuted by actual measurements, However, the basic trouble
originates from the assumption that the bulk of cell water is’
normal liquid water and in which free solutes like K' determine its
osmotic strength according to van't Hoff's law. Since these
assumptions have proven invalid and since the volume change is
primarily a matter of multilayer adsorption of water (Eq. 1, see
also Ling and Peterson, 1977) clearly no postulate of part of the
water being osmotically active can explain the full behavior pat-
tern.

D. Urea and Ethvlene Glycol Are Not the Proper Probe for Water
Existing in the State of Polarized Multilayers

The " bound water,' as used by carlier investigators, was
given attributes that were incorrect. Among tlose was the attri-
bute of categorical non-solvency - i.e., non-solvency for any
solutes. It was by siczing this incorrect assu pticn, that the

11
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bound water concept of Gortner and others was " disproven'' by Hill, by
and Mac Leod and Ponder mentioned earlier. According to the pol- i
arized multilayer theory, small molecules and molecules that can =
fit into the water lattice are not excluded. These non-excluded !
solutes experimentally demonstrated include urea and ethylene '4
glycol (Ling, Walton, and Bersinger, 1980), which were respect- o
ively that used by Hill (1930) and by Mac Leod and Ponder provid- o

g

ing the major evidence against the bound water ideas of the 1930's.

VI. HOW CAN WE DELIBERATELY FORGET THE MAJOR ADVANCEMENT MADE IN
UNDERSTANDING WATER STRUCTURE ON THE BASIS OF ITS TETRAHEDIAL H-
BONDED STRUCTURE?

Bernal and Fowler (1933) proposed the first modern structural
theory of water. That liquid water retains short-range order is
now well established. The tetrahedial structure of water molecule
underlies a natural. tendency to form 4 pairs of H-bonds with
neighboring water molecules like in Ice I. Although no concensus
of liquid water structure has been reached yet, this basic element
of tetrahedial structure is universally accepted (Eisenberg and
Kauzmann, 1969). The question may be raised, " Why should we now
propose a modified liquid water structure, which seems to ignore
these important detailed knowledge?"

At the time when French impressionists started to make their
unorthodox artistic renditions of nature, they might well have been
asked a similar question, " Why do you ignore the knowledge we
alrcady have gained in detail painting, in preference for the crude
pictures you seem to prefer?"

My answer to the criticism of the choice of the dipole-dipole
model over the more detailed H-bonded model may be similar to one
that could have been offered by the French impressionists: " In
order to see the whole forest, details must be deliberately
ignored."
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}f. Equally important, the dipole-dipole interaction is preferred

. over the tetrahedially-H-bonded water molecule interaction because

:H at this moment we can predict certain properties of water on the

ii basis of the dipole model which we cannot when based on the compli-

" cated tetrahedial structure. Thus dipole-dipole interaction may :

predict in one way of orientation, an attraction between two water
molecules, and in another orientation, there can be repulsion.

The present-day model of the H-bonded structure predicts attraction
all right but would be strained to describe less favorable inter-
action than no interaction. In short, the dipole-dipole inter-
action model is, at this time at least, correct, highly useful,

and infornative in the same scnse, an impressionist picture of a
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landscape is more representative than a picture in which every leaf
of a tree has been painted.

VII. A REVISED DEFINITION OF COLLOIDS

Graham defined colloids as materials having the properties of
gelatine. In years following, the development of colloidal chem-
istry emphasized the large molecular size of colloidal materials.
Yet we have now amply shown that gelatin does indeed stand apart
from native proteins with similar molecular weights and that
gelatin owes this unusual property not to large molecular weights
: (witness copper ferrocyanide is a colloid, like gelatin but
having a very small molecular weight) but to its ability to orient
multilayers of water on its extended polypeptide chains. I would
therefore like to suggest the colloids as envisaged by its founder
Thomas Graham are distinguished by their ability to achieve multi-
layer interaction with the bulk phase solvent, water.
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INTRODUCTION

In the preceding paper, Ling and Zhang (1983) have shown that gelatin,
urea-denatured globular proteins, polyvinylpyrrolidone (PVP), poly(ethylene
oxide) (PEO), and polyvinylmethylether (PVME), all of which produce solvency
reduction of water (Ling et al, 1980a, b; Ling and Ochsenfeld, 1983), also
cause freezing-point and thawing-point depression of the water, a progressive
widening of the freezing peak and a warming exothermic peak during thawing.
In contrast, globular proteins and globular proteins denatured by sodium
dodecyl sulfate (SDS), none of which produce solvency reduction of water,
have only minimal or no effects on the freezing and thawing temperatures of buk phase
water, their freezing peak widths, nor do they produce warming exothermic

peaks.

Warming exothermic peaks to be referred to as WEX, were reported by
Luyet, Rasmussen, and Kroeper in 1966 in aqueous solutions of glycerol and
ethylene glycol (Luyet et al, 1966) and later by Luyet and Rasmussen (1967)
in aqueous solution of PVP. Luyet and coworkers referred to the underlying
mechanism as " devitrification,' a change from amorphous ice to crystalline
ice. Later Cooks et al (1975) reported a similar observation during the
thawing of " frozen" ternary systems of HZO-NaC1-glycerol and of HZO-NaCI-
dimethylsulfoxide (DMSO). All of these studies were at least partly motiv-
ated by an interest in the mechanism how glycerol, ethylene glycol, PVP, and

DMSO exercise their well-known cryoprotective effects.

In the present paper we shall present results of a more detailed
study of the WEX phenomenon in protein-water and polymer-water systems, using

the technique of differential scanning calorimetry.
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MATERIALS AND METHODS

1.

The-materiala uged in this investigation and their sources are

e
ey

2

esgsentially the same as described in the preceding paper (Ling and Zhang,
1983). Polyvinylpyrrolidone (PVP-360) was from Sigma Chemical Co., poly-

vinylmethylether (PVME) from GAF Corp., poly(ethylene glycol) (Polyox WSR-

RIS 3| RN

205, M.W. 600,000, Polyox WSR-N750, M.W. 300,000) from Union Carbide; urea

from J. T. Baker; gelatin from Eastman; hemoglobin (Lot 12F-9322), bovine

serum albumin (Lot 70F-9380), protamine sulfate (Lot 100F-9390), and pepsin

(Lot 60F-8057) were all from Sigma Chemical Co.

The calorimetric measurements were made on a Perkin-Elmer DSC-2 dif-
ferential scanning calorimeter. Temperature as low as 223° K was obtained
by immersing the cooling block in a mixture of dry ice and 95% ethanol. As
a rule, samples were cooled or heated at the cooling or heating rate of 100/
min. unless otherwise stated. The sensitivity of the calorimeter was

10 mc/sec. Water and indium were used for calibrating the temperature.
RESULTS

Figure 1 shows the thawing DSC thermogram of polyvinylpyrrolidone
(PVP) solution in concentrations ranging from 9% to 60%. The 50% PVP thermo-
gram is virtually the same as that reported for 50% PVP by Luyet and
Rasmussen (1967). The more complete data presented here covering a variety
of PVP cqncentrations show variability of the thawing behavior with even
minor changes of the polymer concentration. Note the absence of the warming
exothermic peak (WEX) at 43% PVP concentration in contrast to the pronounced
WEX in a solution only 6% stronger. From 49% to 51% there was another marked

change in the size of the WEX and temperature at which it occurs. At 60%,
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neither WEX, nor observable endothermic thawing peak could be seen. Note

also that in concentrations at and below 43%, and before the onset of WEX,
there was small endothermic peaks which moved to lower temperatures as the

concentration of PVP increased.

Figures 2 and 3 are thawing DSC thermograms of two types of poly
(ethylene oxide) (PEO). Only in solutions of Polyox WSR-205 was the WEX
obgserved; in solutions of Polyox WSR-N750, no WEX was visible even at a PEO
concentration of 69.4%. In the thawing scans of 9 or 10% solution of PEO 1y
there were secondary endothermic peaks at temperature below that at which the =4
main thawing peaks occurred. These secondary peaks resemble those seen in
23% and 33% PVP though they were prominent and grew more so until at still
higher concentration, they merged with the main endothermic peak as the main

endothermic peak moved progressively to lower temperatures.

The moderate decrease of the thawing temperature in solutions of increasing

urea concentration (Fig. 4) contrasts with much larger changes of their

N .-‘ ‘ ".“,'-

freezing temperatures (Ling and Zhang, 1983). Figures 5, 6, and 7 are the

thawing thermograms of urea-treated hemoglobin (28.5%), bovine serum albumin
(BsA) (28.5%), and protamine sulfate (28.5%) respectively. Exposure to 3 M o
urea produced a lowering of the melting temperature and a broadening of the e

peak for all these proteins. A WEX appeared in 28.9% hemoglobin treated -

with 5 M urea; the WEX became sharper at higher urea concentrations (Fig.
5). The appearance of WEX began at 7 M for BSA (Fig. 6) and at 9 M for
protamine sulfate (Fig. 7). Thus exposure to 9 M urea, converted the globular

proteins with sharp melting peaks to the complex pattern of exothermic peaks

- HORAAOR  { O

followed by the endothermic melting peak, very similar to that seen in 49%

PVP and in 40% PVME described in the preceding paper (Ling and Zhang, 1983). -
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Figure 8 shows the effect of pepsin concentration on the WEX

phenomenon. An aqueous solution of 28.5% pepsin and 9 M urea did not ex-

hibit a WEX; the thawing peak was quite similar to that of 28.5% pepsin except
its shift to a lower temperature presumably on account of activity of urea.

It should be mentioned that resistance of pepsin to urea denaturation has

long been known (Lineweaver and Schwimmer, 1941). However a 9 M urea

solution containing 507 pepsin showed a fully developed WEX. Since 28.5%
hemoglobin, 28.5% bovine serum albumin as well as 28.5% protamine sulfate

all exhibited a WEX in the presence of 9 M urea, clearly the concentration

of proteins needed in the presence of 9 M urea to create a WEX varies with the

nature of the proteins.

The Cooling Rates and the Appearance of WEX

Luyet and Rasmussen (1967) believed that the WEX phenomendn represents
a devitrification phenomenon. In this view, WEX can only occur if the water
in an aqueous solution is caught in an amorphous state by very rapid cooling
and becomes vitrified ice. We tested their.hypothesis by altering the cooling
rate of 507% PVME between 320 degree per minute to 256 times slower (i.e.
1.25°/min). The same WEX was observed in all cases as shown in Fig. 9, in

contradiction to the expectation based on the devitrification theory.

Effect of the Duration of Prolonged Exposure to 223° K _on_the WEX

Although WEX does not depend on the rate of cooling in the range
studied, it did vary with the time that the " frozen'" solution is kept at

223 K (-50° ¢).
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Thus as shown in Fig. 9, 1 min. after cooling to 223 K, 49% PVP-360

showed a pronounced WEX, which, however, became progressively less prominent

following further stay at this temperature until after one hour the WEX dis-
appeared altogether. A small secondary endothermic peak can be then discerned

which may well be the same kind of secondary endothermic peaks seen in Fig. 1

At AR i

in PVP-360 at concentration up to 43%.

In the case of 50% PVME (Fig. 11) it took about 2 hours at 223 K for the
WEX to disappear. After that a double headed endothermic peak remained.
Comparing with Fig. 6 of the preceding paper, the high-temperature peak
appeared to be the main melting peak moved to lower temperature and the low

temperature peak may be the same secondary endothermic peak, now sitting on

il e ine. e B

the shoulder of the main peak moved to a lower temperature.

In contrast to the two polymers, urea denatured hemoglobin was the
slowest to lose its WEX (Fig. 12). The rates of disappearare of WEX, expressed
as a ratio of the area of WEX over that of the main endothermic peak is shown

in Fig. 13. One recalls that urea by itself does not produce a WEX (Fig. 4).

The Melting-point Depression of Globular Native Proteins, Gelatin, and the

dbonbclonsinie el itoniilnis SO B

Three Polymers, PVP, PEO, and PVME

In the preceding paper, Ling and Zhang have shown how,as a general rule,
bulk phase water in solutions of native globular proteins freeze at more or
less the same temperature while PVME, gelatin, and urea-denatured proteins do
significantly depress the freezing point of the bulk phase water. The freez-
ing point is prone to be affected by a variety of extraneous factors, e.g.,
sample size, shape, and size of containing vessels, etc. However, these fac-
tors that bring about non-equilibrium or supercooling, does not apply to

thawing since it does not involve the movements of water molecules from a
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g more random liquid state to a more ordered frozen state, but rather it in- 53
-" . .'-.-4
~ volves the opposite change in which macroscopic barriers and other factors ;*
) . ”-]
. do not affect the process. -
: T
DISCUSSION 1}
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! Vitrious Ice vs. Polarized-multilayer Water

A
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Luyet, Rasmussen and their coworkers (Luyet et al, 1966; Luyet and

Rasmusgsen, 1967) first reported what we now refer to as the WEX phenomenon

l, N t. "n':

in aqueous solution of glycerol, ethylene glycol, and PVP. They explained
the phenomenon as due to " devitrification,' contending that it was a prior

rapid cooling that created the vitreous ice from normal liquid water in the

sample and that it was the transformation of this vitreous ice into normal

X Ice I during rewarming that gives rise to the heat-releasing WEX.

There are several reasons that argue against this interpretation:

P

Q3
Y

(1) Supercooling cannot create vitreous ice: Kamb (1972, p. 11)

wrote: ' The vitreous form of ice has been made by condensation of water

vapor below -150° C, but it is impossible, as far as we know, to convert

i n

liquid water to a vitreous form by rapid cooling."

L ¥

(2) The coexistence of water with large quantity of macromolecules
. (e.g., 50% globular protein solutions) does not necessarily impede normal

ice formation (Ling and Zhang, 1983).

ALY

(3) WEX does not depend on rapid cooling: A 250 fold slow-down of
cooling rate did not alter WEX of PVME solution (Fig. 9) and left little
. doubt that WEX did not originate from very rapid cooling.
3 (4) Water in chilled PVME solution is not in the state of ice:
Vitreous ice like all other ices by definition is a solid and rigid. Yet a

drop of 50% PVME remains as a viscous liquid and yields readily to manipula-

tions with the glass rods when held between a pair of glass rods and immersed

" . Lttt e T, . .
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in a mixture of ethanol and dry ice kept at about -70° c.

An Alternative Interpretation of the WEX

Luyet, Rasmussen and their coworkers believed that water
in the aqueous solutions of PVP, gelatin, glycerol, etc., is normal liquid
water. However, normal liquid water is not known to have been supercooled
to beyond -40° ¢ (Dorsey, 1940; Hallet, 1965). That is to say, in cooling

solutions of PVP and gelatin to that of -10° ¢ (i.e., mnpaatuvé produced by the dry-ice

alcohol mixture), Ice I should have been formed instantly, contrary to the
facts. This then led Luyet and coworkers to the postulation that rapid
cooling turned the water in these systems into vitreous ice. Clearly at i
that time they shared the common belief, now disproven (Ling and Zhang,
1983),that the presence of macromolecules invariably slows down the rate of

ice-formation.

o B

The purpose in postulating the existence of vitreous ice is to pro-

duce at temperature far below the freezing point of normal water, a condi-

tion which keeps the water molecules from such rotating and difffusing motions
necessary to transform them into Ice I. The explanation we would like to
offer is that in the presence of gelatin, PVP, PVME, etc. of suitable con-
centrations, the bulk of water does not exist as normal liquid water. Rather
it exists in the state of polarized multilayers and cooling to -50° C of water
in this state does not promptly turn this water into Ice I (see below) because
there i{s a substantial energy barrier between these two states. To overcome
this energy barrier, one can increase the temperature and hence the average
kinetic energy kT of the water molecules as one does during warming. This is

why during a WEX heat is given off during warming in apparent contradiction

.........
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to the Le Chatelier principle. Another way to achieve the transformation
from the chilled multilayer state to Ice I state is by lengthening of the
time of exposure to -50o C so that eventually all the water molecules come
across the energy barrier, albeit slowly. As mentioned above, this expecta-
tion too, has been confirmed (Figs. 10, 11). An implicit assumption of

the present explanation is that the state of Ice I, though not immediately
reached, nevertheless does represent a lower energy and hence more stable
state. However, in very concentrated solution of water-polarizing polymers
(e.g., 65% PVME, see Fig. 6 of preceding paper), this may not be the case.
Here, neither freezing peak, nor WEX, nor thawing peak was observed.

Apparently water is energetically more favorable in the polarized multilayer

state in the presence of 65% PVME than Ice I sgtate at the lavtemperatures studied.

The Involvement of Polymer Chain Translation and Rotation in the WEX i;i

Phenomenon

60% PVP (Fig. 1), and 65% PVME (Figs. 2 and 4 of Ling and Zhang, 1983) i

.
do not form ice under all the conditions studied. Nor do they freeze, é
demonstrate WEX, or thaw. Yet 53% PVP does exhibit a WEX, though a weak one. L{
A

The only difference between a 53% PVP and a 607 PVP is 7% additional PVP and

7% less water. Clearly the presence of PVP has greatly reduced the tendency

to form ice either during cooling or warming. Since the physical state of -
water in a 53% PVP and a 60% PVP can hardly be fundamentally different, it
is more likely that the difference lies in the greater degree of entangle-
ment or other stabilizing influences the few additional percentage of PVP
adds to the already dense PVP-chain assembly. If this explanation is cor- v
rect, it would suggest that due to the stronger interaction between the

water multilayers and the polymer chaing, for water in the chilled polarized

............
e PRSI
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multilayer state to transform to Ice I, it is not just water molecules that J
<:. have to undergo the proper motions but that the polymers must also move in "
-} unison. When this movement is sufficiently hindered, as it seems to be in
:; the 60% PVP or 65% PVME, the water will remain in the polarized multilayer :
- state during"freezing"and will not change to Ice I. "'
The concept of a mandatory requirement of coordinated movements of the B
polarizing polymers with water in the WEX phenomenon is significant in that '
f this idea can help to resolve the unusual behaviors of PEO (especially
' Polyox N750).
‘3 PEO shares the same golvency reduction effect with PVP, PVME, and gel-
‘\:: atin. Indeed, PEO is one of the most effective among these polymers and pro- :
'S teins. It differs from PVP, PVME, and gelatin in several characteristics:

) (1) Unlike PVP, PVME, and gelatin, which at high concentrations do not

.”53 freeze at al, PEO does freeze at a concentration as high as 69.4% (Ling and >
‘\; Zhang, 1983, Fig. 3). The explanation of this apparent anomalogy is that in
41 contrast to all the other polymers, gelatin, and urea-denatured proteins,

“\:i all of which possess side chains that can impede rotational motional freedom, \.
x PEO, a polymer containing only the repeating units of -GCHZ-O-CHZ-)- has no side _'
o chains. It is therefore logical to expect the PEO chains to rotate or other- j
- wise move more readily than polymers with side chains to follow the movements '
of water molecules toward . the Ice I state.
s N
(2) Polyox WSR-N750 showd no WEX. Polyox WSR-205 (MW 600,000) which is E

on the average, twice as long as Polyox WSR-N750 (MW 300,000) demonstrated a WEX,
whereas none could be seen in the case of Polyox WSR-N750 at all. Clearly with the

easy rotation and other motions of Polyox WSR-N750, all the ~olarized water has

become transformed to Ice I during the freezing process and in the subsequent brief
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period of time of incubation at 223° K. The longer Polyox WSR-205 molecules

do impose gsome restriction on freezing due to the greater energy barrier for

the chain movement than Polyox WSR-N750. As a result Polyox WSR-N750 even at as
high a concentration as 69.4% could rapidly form ice during the freezing at 10%/min

whereas a 60% PolyaxWSR-205 would require a higher kT provided by the warming to exe-

cute the same required motional adjustments for ice formation.

SUMMARY

The warming exothermic peaks (WEX) first described by Luyet and co-
workers in solutions of ethylene glycol, glycerol, and polyvinylpyrrolidone
(PVP) was interpreted on the basis of a devitrification phenomena, i.e.,
rapidly cooling converts normal water to amorphous ice, which devitrifies on

warming to the state of normal Ice I. Our present studies of the WEX phenom-

ALas Yy

enon 1in aqueous solution of urea-denatured proteins, PVP, and two types of
poly(ethylene oxide)led us to a different conclusion: WEX is the result of
a transformation of chilled water in the state of polarized multilayers to

Ice I. Among the evidences cited is the fact that WEX of the polymer-water
system is indifferent to the rate of cooling between 320°/min. to 1.25°/min.

and that polymer-water systems cooled to -70° C remain a viscous liquid and

)
Al A g,

not (solid) vitreous ice.

The transformation from water dominated by PVP, PVME, and urea-denatured

proteins to Ice I can occur rapidly during warming or more slowly when the

chilled polymer-water systems are kept at 223o K.
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Evidence was also presented showing that to affect this change the

.
v v v e

PR e
— el il £

polymers themszlves must also undergo movements which tend to be retarded most
by the presence of bulky side chains as in urea-denatured proteins but is

retarded least in polymers with no side chains (e.g., Polyox WSR-N750).
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Figure 2

Figure 3
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Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Zhang and Ling, Pg. 12

DSC thermograms of various concentration of PVP-360 solutions

during thawing.

DSC thermograms of various concentrations of PEO (Polyox WSR-

205) (MW 600,000 solutions during thawing.

DSC thermograms of various concentrations of PEO (Polyox WSR-

N750) (MW 300,000) solutions during thawing.

The thawing thermograms of solutions of urea of varying con-

centrations.

DSC thermograms of urea-denatured hemoglobin (28.5%). Concen-

tration of urea indicated in molarity.

DSC thermograms of urea-denatured BSA. The concentration of
BSA solution is 28.5%. Numbers represent the molar concen-

trations of urea solutions.

DSC thawing thermograms of 28.5% aqueous protamine sulfate solu-

tions in the presence of different concentrations of urea.

DSC thawing thermograms of urea-denatured pepsin. The concen-
trations of pepsin are given in percentage and those of urea in

molarity.

DSC thermograms of thawing 50% PVME after cooling down to 223° K

at various cooling rates as indicated.
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WEX decay. 49% PVP-360 solutions were held at 223° K for j
E

varying lengths of time as indicated before warming began.

WEX decay. 50% PVME solutions were held at 223° K for

different lengths of time as indicated before warming began.

WEX decay. Hemoglobin in 9 M urea was held at 223° K for
varying lengths of time before warming began. Concentration

of hemoglobin was 28.5%.

Decay of WEX. The area of the integrated area of the warming
exothermic peak (SWEX) expressed as a ratio to the integrated area
of melting peak (WWEX) for PVP-360 (0), PVYME (4), and urea-

denatured hemoglobin (X).
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SUMMARY

Human red blood cell ghosts, prepared by simple hypotonic lysis are
filled with cytoplasmic proteins. These solid ghosts can transport Kkt and

Na® against concentration gradient in the presence of ATP. &

.
e~

<.In hollow red cell ghosts prepared by repeated hypotonic lysis followed by
high salt wash, this ability to transport K* and Na® in the presence
of ATP is lost even though these hollow ghogts membranes remain intact and

are equipped with Nat - activated ATPase.
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INTRODUCTION

In 1963 Hashimoto and Yoshikawa demonstrated an ATP-dependent Rb up take

of human red cell ghosts against a concentration gradient (1’2). Ten years

il

ata®

later Freedman demonstrated a similar ATP-dependent net movement of KY into

+ (3,4)
a

2% s
LI

oy }j“v"‘»'

(4

red cell ghosts, accompanied by a net loss of N « Assuming that these

()
.
A

red cell ghosts were membrane-enclosed hollow sacs, Freedman concluded that his

findings offered support for the membrane pump theory, according to which K¥

aon s,

'-.a -

accumulation and Na' exclusion are due to the activities of postulated pumps

AL A

f IS R N

in the cell membrane, and against the association-induction hypothesis, accord-

e

ing to which Kt accumulation and Na+ exclusion reflect primarily properties of

the cytoplasmic protein-water system.

A review of the literature revealed that the procedures used for prepar-

ing demonstrably hollow ghosts (e.g., Marchesi and Palade(S); Dodge et a1(6)

]
. AA.: AP

differ from that used by Freedman, which was a modification of the method iy

]
o
&

of Bodeman and Passow (7). Therefore, it was not surprising that Ling and
Balter (8) soon found that EM plates of red cell ghosts prepared by the
method of Bodeman and Passow (7), and those prepared by the method of -]

(5

Marchesi and Palade showed different pictures: Whereas the red cell ghosts

prepared by the Marchesi and Palade method, involving an additional step of high salt

r;-'- 'y

b

wash following repeated hypotonic lysis, are indeed primarily intact hollow sacs

4"/‘_1' L

(see Figure 2 ); those prepared by the method of Bodeman and Passow were

solid bodies. Subsequently Hazlewood and coworkers (9) confirmed the findings

.
s

of Ling and Balter and extended it to include the methods of Garrahan and Glynn(lo)

and of Freedman (4). All showed solid ghosts.

‘ These findings showed that Freedman's demonstration of K and Na' move-

- ments againat concentration gradients, offered no —- - crim e e ——

g
.

P specific support for the membrane theory, because the observed phenomena can also be
. readily explained on the basis of the association-induction hypothesis as
reflecting properties of the remaining cytoplasmic protein-water system inside

" the solid ghosts.
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re

The procedures for red cell ghosts preparation described by Marchesi

SR

ad
=y

and Palade produces hollow ghosts; from the representative EM picture given
by these authors and reproduced here as Fig. 2, the membranes of these
hollow sacs remain intact (5). The intactness of these hollow sacs was further

confirmed by the inability of externally added lead phosphate to penetrate

‘:~ into the sacs. Ghosts prepared by their methodsinc1uding repeated lysing and

high salt wash also retain normal activities of K™ - Na¥ activated ATPase, widely

believed among proponents of the membrane pump theory, to be the Na pump itself(u). a

To probe deeper into the basic mechanism of K* accumulation and Na®t B

exclugsion in living cells, we undertook an investigation to answer three ques-

... tions:
?S l. Can we confirm in general the findings of Hashimoto, Yoshikawa, and
Freedman? And, in particular, can we confirm Freedman's finding of the ATP=-
! dependent accumulation of K* and extrusion of Na® from red cell ghosts
,iz against concentration gradients?
- 2. Are red cell ghosts prepared by precisely the same procedure as that
. used by Freedman hollow?
FEE 3. Finally, can the hollow ' Marchesi - Palade" ghosts accumulate Kt
and extrude Na® against concentration gradients?
5: The present communication reports the results of investigations aimed
;? at answering these questions.
;: MATERIALS AND METHODS
8 All ghost preparations were made from freshly drawn human blood from
;: young adults.
¥ The methods for the preparation of " Type II" ghosts used in Freedman's
.

N ion transport studies, to be referred to as ' Freedman's ghosts,' loading the
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ghosts with Na' and ATP, resealing, fractionation with a sucrose cushion were
entirely as Freedman had described (3’A).

""Marchesi-Palade ghosts' were prepared by essentially the method described
by these authors (5). The modification of the Marchesi-Palade procedure we in-
troduced was to make the treatments less severe than that they employed. Thus
instead of 5 mM Tris-HC1l and 1 mM EDTA, which Marchesi-Palade used for lysing,
our hypotonic lysing solution contained Na, ATP (5 mM), MgCl, (7mM), L-
cystein (1 mM), Tris KCl (10 mM), Na EDTA (0.1 mM), adjusted to pH 6.0 with
NaOH at 3° C. This solution was in fact that used by Freedman and shown by
Freedman (and ourselves as well, see below) to produce no serious impairment of
the ion transport mechanism. After lysing at 1% (10 min.) the ghosts were
exposed for a total of ‘10 min. (including centrifugation time) at 4°C to a high
salt solution containing 0.5 M NaCl, washed twice more in the ATP-containing
lysing solution and then resealed by adding to each 100 ml of the ATP-containing
lysing solution-ghost suspension, 20 ml of a hypertonic mixture of NaCl (0.5 M),
KC1 (15 mM), sucrose (2 M).

The procedure for demonstrating Kt and Na¥ movements, also followed
Freedman (3’4). Briefly the resealed '" Type II" ghosts were incubated at
37° C as a 20% suspension (v/v) in an incubation solution containing the
following: NaCl (50 mM), KC1 (10 mM), MgCl (2 mM), Tris-HC1l (10 mM),

Na,H EDTA (0.1 mM), inosine (10 mM), adenosine (10 mM), sucrose (160 mM).
The pH of the medium was 7.4 measured at 37%. at intervals, aliquots of the
ghost suspension were taken out, spun in 0.4 ml polypropylene microcentrifuge
tubes before assay for K, Na' (by atomic absorption spectroscopy) and water

(3,4)

contents (by drying at 100°C. in vacuo). Following Freedman , we made

no corrections for ions in the extracellular space which in intact red cell

pellets usually amounts to 1.5 to 3.0% (Maizels and Remington(ll)).
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For visualization by transmission electron microscopy, pellets of

the ghost preparations obtained by centrifugation were fixed in glutaralde-

hyde, dispersed to avoid layering and non-random sampling errors and then
post-fixed in osmium tetraoxide, dehydrated through alcohol and propylene

oxide, imbedded in Epon, and then stained in uranyl acetate and lead citrate. Essen-
(5)

tially the same procedure was used by Marchesi and Palade for their EM

plate shown as Fig. 2 below.
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RESULTS

Are the Red Cell Ghosts Hollow?

Figure 1 shows an EM plate of " Type II" red cell ghosts prepared by
the Freedman procedure (" Freedman's ghosts™). Like those prepared by the
original method of Bodeman and Passow, these ghosts are also solid. We chose

to present a picture of not too low a magnification so that it can be com-

5
pared with that of Marchesi and Palade ¢ ). For other pictures where larger

(9)

populations of " Freedman's ghosts' were shown, see Hazlewood et al whose

conclusion Fig. 1 confirms. Since human cells contain little or no polynucleo-
tides, the uranium and lead staining material seen inside the ghosts most
likely reveals the presence of substantial amounts of cytoplasmic proteins.

(5)
In contrast, Fig. 2 reproduced from Marchesi and Palade gshows intact but

hollow " ghosts."”

Can the " Freedman Ghosts" Transport Kt and Na¥ Against Concentration Gradients?

In Figure 3, the K* and Na* concentrations in the " Freedman ghosts' are
expressed as a ratio (P-value) to the concentration of the respective ion in the
external incubation solution and are shown against the time of incubation. ATP
was introduced into the ghosts only during hemolysis and resealing in both cases.
The " Freedman ghosts" showed moderate Kt accumulation and Na¥ exclusion against
concentration gradients as Freedman described earlier; the time course of kt
concentration and that of Na' extrusion from the ghosts diverged with time. The
lowest level of Na' reached was about 60% of that in the external solution. The
highest level of K* reached in the cell was 30 mM, 6 times higher than that of
the Kt concentration in the surrounding medium which was 5 mM. In normal intact
human erythrocytes, the Na+ concentration is about 16% that in the external solu-
tion; the K* concentration is about 155 mM, more than 27 times higher than the Kt

concentration in the plasma which is also 5 mM (12).

Can the " Marchesi - Palade Ghosts" transport K'Y and Nat against concentration

gradients?
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As shown in Figure 4 the " Marchesi-Palade ghosts' behaved differently

under the same experimental conditions. The concentrations of K'Y and Na* re-

mained essentially unchanging: there was no active transport of K* or Na'.

When the K¥ and Na' concentrations did exhibit minor changes, they rose and fell

with time in a parallel manner. These parallel K* and Na¥ changes, in contrast

to the divergent changes shown in Figure 3 probably reflected minor fluctuation of

the water contents of the ghosts. It may be mentioned that we also prepared
(6)

ghosts according to the procedures of Dodge et el , a method also known to pro-

duce truly hollow ghosts. The results were quite similar to those shown in Figure 4.
DISCUSSION

Confirmation of Freedman's Demonstration of K+ and Na+ Movements Against Concen-

tration Gradients in Ghogts that are Solid

This paper is not the first to report that simple hypotonic lysis does not

(8,9)

produce hollow ghosts; besides those earlier mentioned y Eric Ponder reached

(13)

the same conclusion from a totally different approach three years after the

publication of his authoritative monograph, " Hemolysis and Related Phenomena' in
1948 (1&). Taken together, these findings invalidate Freedman's claim that

his observation specifically supported the pump theory since this conclusion was
based on a wrong assumption. However, the data shown in Figure 3 do confirm the
factual findings of Freedman concerning transport of Kt and Na*t against concen-
tration gradients in ghost preparations now known to be not hollow but solid. In
a general way these findings of course also confirm the conclusion of Hashimoto

(1

and Yoshikawa .

Failure of Pure and Intact Plasma Membrane-enclosed Sac to Pump K' and Na®

Marchesi and Palade showed that the majority of these ghosts prepared by
their procedure, which we followed, are not leaky. As mentioned above, in the
context of the membrane pump theory, these ghosts (which were subjected to a
much milder version of the preparatory procedures of Marchesi and Palade)

also possess normal Na pump, i.e., the kKt Nat activated ATPase as
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@)

these authors demonstrated « It would seem that the necessary

conditions for pumping Nat out and accumulating Kt in the ghosts were ful-
filled and that active transport of Kt and Na' should occur in the presence of

ATP. Yet this was not the case.

Confirmation of the reported K'Y accumulation and Na' exclusion in the

ghosts now shown to be solid can be compared with the success in demonstrating

both K¥ accumulation in and Na' exclusion from
a muscle-cell preparation whose postulated cell membrane pumps were incapacitated,
in part by surgical amputation, and in part by the deprivation of " ginks'" or

" sources' for the ions involved ( 15;6). Thege effectively membrane-pump-less
open ended cell preparations, called EMOC preparation, demonstrate that the ability

to handle K+ and Na+ distribution resides not in the cell membrane but in fact

within the cytoplasm itself.

On the other hand, the failure of an intact but hollow membrane pump pre-
paration obtained with the " Marchesi - Palade' procedure actively to transport
Nat or Kkt agrees with a similar failure to demonstrate active transport of KY

and Nat in squid-axon membrane sacs from which the bulk of cytoplasm had been

7
removed (1 ’18). Here the anatomical as well as functional intactness of the

19)

axonal membrane was also clearly established, by electron microscopy ( and by

(19,20)

the full and normal electrical behaviors observed , which according to

the membrane pump theory indicate normal membrane and healthy pumps.
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LEGENDS

Electron micrograph of human red cell ghosts prepared by the method
of Freedman (" Freedman Ghosts'" )., Magnification 18,000x (Plate No.

383).

Electron micrograph of a representative area in a section through
ghost membrane pelleted by high speed centrifugation (100,000 g, 30
min) and fixed in glutaraldehyde-OsOa). The ghosts appear as empty
sacs bounded by continuous unit membranes. Fibrillar material is seen
along the inner surfaces of the ghost membranes. Magnification

90,000x. (from Marchesi and Palade, by permission of the J. Cell Biol.)

Demonstration of active transport of K* and Na*t against concentra-
tion gradients in the '" Freedman Ghosts." Ordinate represents the
ratio of the concentration of K or Na' ion in the ghost water over
the concentration of the same ion with the incubation media. This
ratio is called the P-value., Each point is the average of at least
four determinations. The diameter of the solid circles (Na') and

hollow circles (K¥) represent twice the standard errors.

Demonstration of a lack of active transport of Kt and Na© against
concentration gradients in the ''Marchesi-Palade ghosts.' Ordinate
represents the ratio of the concentration of Kt or Na' ion in the

ghost water over the concentration of the same ion in the incubation

media. This ratio is called the P-value. Each point is the average
of at least four determinations. The diameter of the solid circles

(Na¥) and Hollow circles (K') represents twice the standard error.
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1
From dinosaurs to amoebas all life forms are made up of living cells. —

Since we now believe that the living world follows the same physical laws that

e 4 e .
v . o

govern the inanimate world the most fundamental question in biology is, ' What
in physico-chemical terms is a living cell?" To begin with, let us first see what

is the chemical composition of these fundamental units of life.

By mass, the largest component of the living cell is water, the next

J -4 RIECAROE - VX

largest component is proteins; by number, the largest component is water again,

the next largest component is kKt. Most living cells are found in an environment

in which the largest component is water and the next largest is Nat. Since in
composition the inside and outside of a living cell resemble each other, the
question arises, ' What preserves the living cells as discrete units separate from
its external environment and maintained unchanged in its chemical composition over
long periods of time?'" This discreteness and separateness of the cell from its en-
vironment is highlighted by the marked segregation of the two chemically similar
ions K+ and Na+, one is found at high concentration only within the cell but not
outside, while the other is found at high concentration only in the external medium
and not in the cells. So to a first approximation, the answer to the question of
segregation of K* and Na*. will tell us what are the general principles that de-
termine one of the most crucial properties of the living cell, i.e., its separate-
ness from its environment. Clearly without this basic property, living cells gaﬁhot

possibly exist.

There are three, and to the best of our knowledge, only three basic mechanisms
whereby a substance can be maintained over an indefinitely long period of time at
two different levels in contiguous spaces (1): Mechanism I: there is an insur-
mountable energy barrier separating the spaces; Mechanism II: there is continuous

energy-consuming pumping activity; and Mechanism III: there are differences in the

physico-chemical environment in the two spaces.

.........
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Each one of these mecﬁanisms have been hypothesyzed to underlie the segre-
gation of K' and Na* (and other solutes as well). Pfeffer's membrane theory (2)
which postulated membranes absolutely impermeant to some solutes was based on
Mechanism I; Donnan's theory of membrane equilibrium in which permeant ion distribu-
tion was determined by their charges aﬁd that of impermeant ions (3) is ; variant
of Mechanism III., The demonstration that Na+, long held as a typical impermeant
solute is actually in rapid and constant exchange between the inside and outside
of the cell (4, 5) disproved on one hand, absolutely membrane impermeability
mechanism (Mechanism I) and on the other hand, it also shows the inadequacy of
the Donnan theory of membrane equilibrium, since according to the Donnan theory
all monovalent ions of the same electric charge should distribute equally across
the cell surface. The remedial Na¥ pump idea to explain the low level of Na+, con-

trary to the prediction of the Donnan membrane theory invokes Mechanism II (6,7).

The membrane-pump theory is the theory almost universally taught as fact in
textbooks and serves as the underlying foundation for the great majority of bio-

medical research.

This wide acceptance is in part due to the ability of the membrane-pump
theory at one time to explain the major phenomena of cell physiology: selective
solute distribution, selective permeability, volume regulation and osmotic be- *
havior, and cellular electrical potentisl (8, 9) - all squarely dependent on the
validity of the basic tenets of the membrane-pump theory that Kkt and water in the
living state exist in a free state much as Nat and HZO are in the external medium.
At the time competing theories were still too poorly developed. Methods for
testing the alternative theories were also nct yet available. But these conditions

have changed drastically in the last 30 years and strong evidence indicate that

there are serious difficulties with the membrane-pump theory, which includes
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theoretical ambiguity and extensive contradictory experimental evidence.

The theoretical ambiguity includes the failure, after forty years, of its
proponents to state precisely how many pumps there must be in order to maintain
the solute distribution pattern of living cells (10, p. 217; 11 - 13) and to
reconcile their total energy needs with the fact that one pump alone, the Na*
pump, would consume at least 15 to 30 times the total energy available (10, Chapt.
8) - a finding never seriously challenged but twice confirmed (14, 15). Three
remedial postulations have been introduced to keep the pump afloat; Ussing's ex-
change diffusion mechanism (16), Na¥ sequestration in sarcoplasmic reticulum (17),
and non-energy consuming Nat pump of Glynn (18). All have been experimentally
disproven (12, p. 8; 19). At last count in 1968, more than 20 pumps had already

been proposéd (12, Table 2).

Other experiments that contradict the membrane-pump theory include (i) the
failure to demonstrate in cytoplasm-free squid axon membrane sacs, fortified with
ATP as energy source, tO pump Na' out and K¥ in against concentration gradients
when these sacs were filled with and bathed in sea water (1), even though by its
electrical and other activities the membranes were shown to be perfectly normal;
and (ii) in an effectively membrane(pump)-less open ended (EMOC) frog muscle cell

preparation, K'Y accumulation and Na® exclusion persist (20). .

Finally, one comes to the crucial question about the physical state of
K? and water in living cells. As mentioned above, a key postulate of the
membrane-pump theory is that the bulk of intracellular K* and water exists in the
free state as in a dilute salt solution. It was A. V. Hill who in the thirties
produced the widely hailed proof of free K" and free HZO in frog muscle cells

that constituted one of the most persuasive sets of evidence (21, 22).

A. V. Hill's influential argument for free Kt and free H20 in.cells began
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with his demonstration that there is no " bound" or " non-solvent" water since

the probe molecule urea was shown to be equally distributed between muscle cell
water and the external solution. He then measured the vapor pressure of resting
muscle and showed it to equal that of an isotonic NaCl solution. Since water is
free, this osmotic activity of the muscle cell indicates that the major i;tra-
cellular cation, K+, must be free. However, Hill's argument rests upon the old
and inaccurate concept of " bound" water and its assumed (incorrectly) non-solvency

towards all solutes including urea. What Hill demonstrated was that this specific

theory of bound, or non-solvent water was not right; he did not prove that water fﬁ

was really all free as in a normal 0.1 M NaCl. iﬁ

Although the membrane-pump theory has dominated the field for so many vears,
it is by no means the only theory of the living cell. For a full review of other thexies, the
reader may consult a comprehensive treatise I have just finished writing, " In .

Search of the Physical Basis of Life! to be publiéhed by the Plenum Publishing

Corp. of New York in the fall of 1983. For the moment, I shall concentrate on
one theory, that presented under the title, the association-induction (AI): hypothesis
(1,10,11) which shares a number of common features with Troshin's sorption theory

(23).

According to the AI hypothesis the high concentration of Kt in the resting
cell results from the selective adsorption of K' (e.g., over Na¥) on anionic B-
and Y-carboxyl groups of cellular proteins (10, 24) and the low level of Na®¥ on
the other hand, reflects the existence of the bulk of cell water in the state of
polarized multilayers due to adsorption on protein chains existing in an extended
state (25, 26). The depth of the multilayer is as a rule no more than 10 mole-
cules between chains. What are these matrix proteins remains to be determined

but there are evidence that they may include actin (27). The solubility of small

solute mqlecules and solute that can fit into the multilayer matrix distribute
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themselves equally between polarized water and normal liquid water with equil- j
ibrium distribution coefficient,(or g-value)near or even somewhat exceeding ?
unity; larger molecules have decreasing q-values with increasing molecular size i
and complexity (12, 28, 29). ;
. o

The selective K¥ accumulation and Na® exclusion depends on the maintenance é

of the cooperatively associated cell protein-water-ion system at a high energy ]3
1

state when certain key controlling site (cardinal site) on the protein is occupied
by the cardinal adsorbent, ATP (1). Removal or hydrolysis of ATP causes the
system to assume a more dissociated, lower energy active state in which the ability
to selectively adsorb K* and exclude Na' (as well as sugars and free amino acids)

are lost.

According to the AI hypothesis, urea should be equally distributed between

polarized water and normal water (26). Thus its demonstrated equal distribution

is entirely in harmony with the AI hypothesis and in no way constitutes proof of

free cell water. Without proof of free cell water, Hill's arguments for free Kt

also collapse.

h ; New experimental evidence supporting this theory have been gathering rapidly.

They include the successful demonstration that proteins with the polypeptide exist- .

ing in an extended conformation and their backbone NHCO groups directly exposed to

bulk-phase water as well as model polymer containing oxygen atoms (as do proteins)

at regular intervals with distances between nearest oxygen atoms equal to that of

PPN ¥+ GNP

two water dismeters polarized multilayers of water. Water so polarized shows de-

creased solubility for Na+, sugars, and free amino acids which are kept at low

levels in living cells (26). In contrast when the backbone NHD groups are locked in %=
L J
helical and other intramacromolecular H-bonds, no effect of water solvency occurs (able

e
' s
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1). These findings confirm the theoretical expectations of the polarized multilayer
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theory of cell water, an integral part of the association-induction hypothesis. '?{
In this theory it is the existence of alternatingly positively and negatively ‘
'charged sites separated by distances of one water diameter apart (ss in an ex-
tended polypeptide chain) or as a variant, polymer containing oxygen atoms at

distances of two water diameters apart that can polarize multitayers of water and

-GNV, 4V 4 o XIWERI

water so polarized has reduced translational as well = rotational. motional
freedom and so are solutes dissolved in this water with a consequent reduction

of the entropy of the solute. This lowered entropy of solute is one cause for

T WY e s

the reduced solubility of Nat and Qther solutes in the polarized water.

Another cause for the reduced level of Na+ found in this water is the unfavor-

able enthalpy, since it would take more energy to excavate a hole in the polar-

ized water to accommodate the solute transferred into it than the energy gained

CFLELTLT T EE LT S

in filling the hole left behind in normal water. Both the entropic and enthalpic
mechanisms are such that the equilibrium digtribution coefficient, or q-value, .  _ ;;i
between polarized water and normal water is near unity for small, spherically

symetrical molecules or molecules that can fit into the polarized water lattice

TR & -8 & & A &I "R Y/

but the q-value decreases with increasing size and complexity of the solute mole-
cules. This is according to the AI hypothesis why urea has a g-value of near

unity while hydrated Na+, sugars, and amino acids have much lower g-values.

Just as important or perhaps even more so, were the confirmation of the

= & F e W 4 & ¥ v 5

predicted localized adsorption of cell K* (or its surrogates cs™ and T1") at the
: edges of the A band and at Z-lines (Fig. 1). The A band and Z-lines in frog
muscle cells.are the sites where B- and Y-carboxyl groups are concentrated as
shown by protein amino acid residue data of myosin which is found only in the A
band and from the staining pattern of uranium ion which also binds the B- and Y-
| carboxyl groups in glutaraldehyde fixed, uranium stained muscle cells (30 to 34).
These findings were established unanimously from 3 different laboratories, wsing

a total of 4 different methods (i.e., autoradiography of air dried and v. frc ~n
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dried single muscle cells, transmission electron microscopy, dispersive x-ray

microprobe analysis, and laser mass spectometer microprobe analysis (LAMMA)).

While these methods established the localized distribution of K¥ in frog
muscle cells, other experiments with intact and EMOC preparation of frog muscle
showed the K'Y localization is due to one site-one ion adsorption and not due to

existence of ' as free counterions, the displacing should be equally effective

(35).

The clear establishment of the. adsorbed and hence osmotically inactive

state of the major intracellular cation, kt leaves the balance of intracellular

osmotic activity against external isotonic NaCl to the only possible agent re-
maining, i.e., (matrix) proteins. Because after all, osmotic activity is only a
measurement of a lowering of water activity. That multilayer polarization of water
lowers water activity is established by the_measurement of osmotic agtiyity,gf”phgiz N
different model polymers which polarize water, including polyvinylpyrrolidone

(PVP) and poly(ethylene oxide) (PEO). Due to the large molecular weight (600,000) a
30% PEO solution is only 0.5 mM. Yet this electrically uncharged polymer is able to

reduce water activity to equal that brought about by 1 molar sucrose solution (36).

The next question is, " How does the AI hypothesis explain the well-known
rules of non-electrolyte permeability relating oil/water distribution coefficients
directly to their permeability through the living cell membranes?' Although it is
never suggested in the AI hypothesis that the cell surface is identical to any
cross-section through the cell, yet in principle and qualitatively, the behavior
toward ion and non-electrolyte permeation can well be explained by the cell sur-
face as a two-dimensional version of the three-dimensional cell interior accord-
ing to the AI hypothesis. The AI hypothesis first points out that the cell mem-

brane resistance is, as a rule, vastly lower than artificial lipid bilayers
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(108 Q/cmz) (37) and often as low as 1 Q/cm2 or even lower (38, 39). Thus the
conventional picture of a continuous layer of lipids as the foundation of all

cell membranes is highly questionable.

Doubts turned very serious when it was discovered (i) that the railway-

like structure of the inner membrane of liver mitochondria seen in EM is not

"

;4
f el
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materially changed after extraction of 95% of the mitochondria lipids (40) - a

I

finding repeatedly confirmed in studies of other eukaryotic (41) and prokaryotic
plasma membranes (42), and (ii) exposure of living cells with high resistance [ 5

membranes (e.g., squid axon) to various ionophores (e.g., monactin) which speei-

fically enhances Kt permeability of artificial 1lipid bilayer membranes has no
discernable effect (43). Similar lack of respouse of the permeability to K' in
response to valinomycin, monactin, and nonactin was observed-in studies on red
blood cells, frog ovarian eggs, and frog muscles. These findings and the highly
variable lipid cornients of plasma membféhég—hnalyzed (44) led me to the cénclu-
sion that the general permeability barrier could not be uniformly that of a lipid
layer. Additional evidence supporting this view came frcm the studies of Ling,
Ochsenfeld and Karreman (45) on the permeability of tritiated water of frog
ovarian eggs, in which it was shown that the rate of diffusion of tritiated water
is essentially the same through the cytoplasm as through the cell surface mem-
brane. These data suggest that in these cells at least it is the rate at which
tritiated water diffuses through polarized water that determines its surface per-
meability. I then asked the question, " Could polarized water be the seat of
semipermeability of living cells?" To answer this question, I compared the

rates of permeation of 11 hydroxylic compounds including water at 3 different
temperatures through a living cell membrane (inverted frog skin) and through a
cellulose acetate membrane, whose ' activated' surface layer contains pores of

45 R diameters, which is 5 times larger than the diameters of the virtually im-

permeant sucrose (46). The results of these studies showed not only a good
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correlation (r = +0.96) but a good correspondence, since both parameters mea-

sured are in the same units. The line through the experimental points obtained

A SR ROl PR

by the method.of least squares as a slope of 0.99. The data offer an answer

E? why pure lipid membrane, as exemplified by olive oil is';nti-semipermeable:'being
more permeable to ethanol than to water; the normal semipermeable property of

A phospholipids membranes may betteresult of its electrically charged groups and

the water polarized by these polarized groups provides the semipermeable pro-

perties.

%, In summary, &isproof of the membrane-pump model is about as complete as
Phlogiston theory was at the end of the 18th century. There is also now con-
siderable evidence in suppﬁrt of the AI hypothesis according to which neither

:%t cell K' nor cell water are free as in the membrane-pump theory. Rather both are
adsorbed in cells under normal restingbﬁtgggl Kt singly on B- and Y-ca;bo;y}_

}{ groups belonging to a large extent to myosin, and water in multilayers, on-matrix

&f proteins existing in an extended state. The precise nature of matrix proteins
are as yet undetermined though some evidence suggests that actin, tubulin, and

i; other " cytoskeletal! proteins in non-filamentous forms perhaps play signifi-

cant roles.

Summar

This review compared the critical experimental evidence that led one time

. Coe e
Al

- to the wide acceptance of the membrane~pump theory of the living cells but has

" v P

become high equivocal. Other new unequivocal findings strongly contradict this

theory; there is not enough energy to operate the pumps; and K+, the major

intracellular cation, does not exist in a free state; nor does the bulk of cell

water exist in a free state as long believed. The review also showsd how in the
absence of free K+, the cell maintains its osmotic balance by means of the same

mechanism which maintains a low level of intracellular Nat: the multilayer
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polarization of cell water. Furthermore, water in this polarized state also
functions as the semipermeable barrier conventionally ascribed to lipid layers

punctured with rigid pores.
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Table 1 " The apparent equilibrium distribution coefficients (P-value) of labelled

Figure 1
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Legends

Na+ between water in protein and polymer-containing solution and normal

P

e

'
L
bk b ot

liquid water determined by equilibrium dialysis"

Temperature was 25 % 1°¢C and test tubes were agitated, except in the

experiments of E, which were carried out at 0 t 1° ¢ and in which some

caman Lo

test tubes, marked Q, were quiescent and unstirred. S represents sacs
shaken in test tubes at 30 excursions/min (each excursion spans 1 inch)
except the first set (S*) for which agitation was achieved by to-and-
fro movem?nt of silicone-rubber coated lead shot within the sacs. The
symbols a and b indicate that the media contained initially 1.5 M
Na,SO, and 0.5 M Na-citrate respectively. In D, poly(ethylene oxide)

24
(mol. wt. 600,000) was dissolved as a 10% (w/w) solution, and the

e B g L

.
” L‘ P A
AP RT oY |

viscous solution was vigorously stirred before being introduced into

dialysis tubing. In E, the quiescent samples contained more .water.
This higher water content accounts for only a minor part of the dif-
ference, as shown by comparison of the 6th and 7th sets of data; even
with a larger water content, the P-value is lower in the stirred

samples (6th). Na was labeled with ZzNa and assayed with a Y-counter.
(from Ling et al (12)).

Electron micrographs of frog sartorius muscle. (A) Muscle fixed in
glutaraldehyde only and stained with uranium by conventional procedure.
(B) EM of section of freeze dried Cs'-loaded muscle, without chemical
fixation or staining. (C) T1%-loaded muscle without chemical fixation
or staining. (D) Same as C after exposure of section to moist air,
which causes the hitherto even distribution of thallium to form granular
deposits in the A band. (E) Section of central portion of B after
leaching in distilled water. (F) Normal ' K-loaded'" muscle. A: from

Edelmann, unpublished. B to F: from Edelmann, by permission of Physiol.
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of medium of % P-Value

Group Polymer (M) assays (meanZSE) (mean®sE)

(A) Albumin (bovine serum) 1.5 a 4 81.9%0.063  0.973%0.005

Albumin (egg) 1.5 a 4 82.1%¥0.058  1.000%0.016

Chondroitin sulfate 1.5 a 4 84.2%0.061  1.009%0.003

a-Ch :‘motrypsinogen 1.5 a 4 82.7t0.089  1.004%0.009

Fibrinogen 1.5 a 4 82.8%0.12 1.004%0.002

Y-Globulin (bovine) 1.5 a 4 82.9%0.16 1.004%0.004

Y-Globulin (human) 1.5 a 4 83.5%0.16 1.016%0.005

Hemoglobin 1.5 a 4 73.7%0.073  0.923%0.006

-Lactoglobulin 1.5 a 4 82.6%0.029  0.991%0.005

Lysozyme 1.5 a., 4 82.0%0.085  1.009%0.005

Pepsin ) 1.5 a 4 83.4%0.11 1.031%0.006

Protamine 1.5 a 4 83.9%0.10 0.990%0.020

Ribonuclease 1.5 a 4 79.9%0.19 0.984%0.006

(B) Gelatin 1.5 a 37 57.0%1.1 0.537£0.013
(c) PVP 1.5 a 8 61.0%0.30 0.239%0.005

(D) Poly(ethylene oxide) 0.75 a 5 81.1%0.34 0.475%0.009

0.5 a 5 89.2%0.06 0.623%0.011

0.1 a 5 91.1%0.162  0.754%0.015

(E) PVP 0.2 b 4 89.9%0.06 0.955%0.004

S* 0.2 b 4 87.2%0.05 0.865%0.004

Q 0.5 b 3 83.3%0.09 0.768%0.012

s 0.5 b 3 81.8%0.07 0.685%0.007

Q 1.0 b 3 67.0%0.26 0.448%0.012

s 1.0 b 3 66.650.006  0.294%0.008

Q 1.5 b 3 56.3%0.87 0.313%0.025

s 1.5 b 3 55.0%1.00 0.220%0.021

Table 1
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- The Osmotic Activity of Aqueous Solutions of Several Polymers including Gelatin,
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Gelatin, the denatured collagen and a major component of glue, has long {1

interested biologists and chemists due to its many unusual properties. Thomas :j

Graham used gelatin to represent a class of substances which he called colloids b

s

(Ko A0é, glue) (Graham, 1861) Katz (1919), Bungenberg de Jong, and colleagues

(Holleman et al, 1984), Lloyd and Moran (1934), and others discovered many impor-
tant properties of water in the gelatin-water system. Recently by making use of

a modification of the dialysis technique, which was introduced by Graham

also (i.e., the equilibrium dialysis method) Ling and coworkers (1980a, b) pre-
sented evidence that some of the oEEstanding features of gelatin-water system

might arise from th;‘extensive interaction with the bulk phase water with the

gelatin peptide chains which exist in an extended and thus " exposed'" conformation

in consequence of its possession of repeating units of the triad glycine, prcline
and hydroxyproline (Veis, 1964), all well-known helix breakers (Chou and Fasman, 1974).

It was shown that water under the influence of gelatin has reduced solubility for

L AE T S L LT T,

Na+

salts, sucrose and free amino . acids. In harmony with this vge; that it is
the extended polypeptide chain that caused this change of the property of water,

13 globular proteins show no or very little effect on water solvency. However,
solution of these proteins acquire reduced solubility for Na+, sucrose, and glycine
when these proteins are denatured by denaturants (i.e., urea, and guanidine HC1)
that break the secondary structures but not those that break the tertiary structure

(e.g., SDS and n-propanol). Additional support came from the study of electrically

neutral (Ling et al, 1980a} s imple polymers which like extended polypeptide chains,

also possess oxygen atoms at regular intervals roughly equal to twice the diameters
of water molecules. The most outstanding among these polymers are polyvinylpyrrolidone
(pvP), and poly(ethylene oxide) (PEO).
The ability of water dominated by gelatin, PEO, PVP, etc., partially exclud-
ing Nat, sucrose, and glycine provide one set of experimental data which agree with

the hypothesis that similar exclusion of these solutes from living cells may arise
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from bulk-phase cell water existing in a physical state similar to water dominated
by gelatin, PVP, and PEO, etc.

Our interest in gelatin, like others before us, is that the normal proper-
ties of gelatin may find counterparts in the living cells, Troshin (196@) sug-
gested the living protoplasm and gelatin share the common attributes of coacervates;
both partially exclude Na+, sugars, and amino acid from its water. 1 suggested that
in a subsidiary hypothesis to the association-induction (AI) hypothesis, that cer-
tain as yet unidentified matrix proteins ( though'actin and tubulin are being
considered as candidates) existing throughout the cell, may like gelatin, urea-
denatured proteins, PEO, PVP in an extended conformation, exercise a polarizing
effect on water molecules beyond the first layer and that in these polarized multi-
layered water, the solubility of small molecules and molecules that can fit into

the multilayer dynamic structure have normal solubility. Due to both, or either

‘énihalpic or entropic reasons the sélubility decreases with increasing size and’

complexities of the molecules or hydrated ions like Na+, sugars, and free amino
acids (the size rule) (Ling, 1965, 1972; Ling and Sobel, 1975). Confirmation of
the multilayer of water involved and the size rule have also been reported (Ling
et al, 1980b).

Another aspect of the solute distribution problem is selective solute
accumulation beyond that found in the surrounding medium as in the case of K+f In
the AI hypothesis, this involves selective adsorption on anionic sites (Ling, 1952,
1962; Ling and Ochsenfeld, 1966). In voluntary muscles, these sites are localized
primarily on the A band &nd Z-line (Ling, 1977). These predictions of the Al
hypothesis have been confirmed in an unanimous manner by three different labora-
tories across the world, in West Germany, in Hungary, and in the USA, using a total
of four different techniques including antoradiography of ai: dried (Ling, 1977)
and frozen muscle cells (Edelmann, 1981), direct EM visualization of electron

dense Cs* and T1* stoichiometrically and reversibly ((isplacing K* (Edelmann, 1980),
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dispersive x-ray microprobe analysis (Edelmann, 1978; Tigyi et al, 1981), and
laser mass-spectrometer microprobe analysis (LAMMA) (Edelmann, 1981b).

The question these findings raised is, " Since K* is the major cation of
the cells, its adsorption and hence osmotic inactivity, what then keeps the
cell interior in osmotic equilibrium with an isotonic Ringer solution containing
0.1 M of free Nat and c172"

Since osmotic activity in fact is an expression of a decrease of the
activity of the water present, the question can be restated as follows, " What
component in the cell can cause the lowering of the activity of cell water
(Ling, 1981) to match that of a Ringer solution, now that we know it cannot becell
KT?" According to the association-induction hypothesis, this component is nothing
other than the same " matrix proteins' mentioned above that lower the steady levels

of Na+, sugars, and free amino acids in the cell water. If this idea is correct,

vﬁé-could expect that water dominated by PEO, PVP,Vand gelatin at a concentration

enough to lower the solvency of water should exhibit osmotic activiry far beyond
that based on its molar concentration. This report describes results testing this
prediction.

Materials and Methods

To measure the osmotic activity of polymer-water system, a Wescor Vapor
Pressure Osmomcter (Model 5100B, Wescor Inc., Logan, Utah) was used. This sma11.
and versatile instrument measured the vapor pressure of the solution in a closed
chamber by monitoring the dew point temperature depression (which is a fraction

of the vapor pressure) with a precision thermocouple hygrometer., While the in-

strument was designed for handling solutions of low viscosity, it was found suit-

able to measure osmotic activity of highly viscous solutions as most of the samples

studied were. The main departure was to deposit the sample in the sample holder
first and to place the paper sample disc over the sample, which in trials show

this modification does not in any way adversely affect the results as verified by
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repeated reading over a span of time, this verifying procedure should be taken

at intervals especially when new samples of different consistencies are dealt

o5 -

with,
Solution (or gel) of 3 synthetic polymers and one protein (gelatin) were

studied. The sources were as follows: Polyvinylpyrrolidone (M.W. 360,000) (PVP-

TS Uy S RPN T Y o

360, Lot 57C-0071) was from Sigma Chemical Co. (St. Louis, Mo.); Poly(ethylene

e
-y

oxide) was a gift of Union Carbide, N.Y.; Polyvinylmethylether (Gantrez M-154)
was in part a gift from GAF Corp., N.Y., and in part from a purchased lot from é

the same source. Gelatin, obtained 'from Eastman, was from pig skin (Lot A4LG,

1EP 8.7, ash content 0.0340), and from calf skin (Lot B4B, 1EP 4.7, ash content,
0.0290).

Samples of three synthetic polymers contain little ashes; gelatin, though
of the highest qualities, did contain considerable ionic containments. Dilute
solutions (ca. 2%.) of all polymers and geletin was first prepared and:then-ex~ === —=—
haustively dialyzed until ashes prepared from the polymer solution when dissolved
in dilute HC1l yields negligible additional osmotic activities. The dialyzed
solution while still in the dialysis sacs were then dried by either being placed
in front of a fan (4° ") or packed in a dry dust-free silica gel (Davidson, mesh
size 6-16). Great care was taken not to let the polymer dry unevenly by frequently
" milking" and squeezing the drying sample toward one end of the dialysis tubing.
This method permits preparation of homogenous samples of very high polymer contents,
which was individually assayed by oven-dzying at appropriate temperature (100° ¢ for
PVP, PVME, and gelatin, 80° C for PEO).
Results

Figure 1 shows the osmotic activity of a solution of exhaustively dialyzed

gelatin, where the osmotic activity is expressed in units of OsMolal and the

gelatin concentration in percentage (W/V). For comparison data from hemoglobin are

also presented. Six experimental points from the work of Adair (Adair, 1928; ]
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Adair and Robinson, 1930) are also included which in general agree with our own
hemoglobin data which reached a higher concentration of 50%. Comparing with the
hemoglobin déta, the osmotic activity of gelatin is many times higher, At the
higher concentration range neither the osmotic activity of gelatin nor that of
hemoglobin is commensurate with the molar concentration of gelatin and gemo-
globin present. Thus a 50% hemoglobin solution is roughly 500/6,7 X 104 = 7.45 mM
while the osmotic activity corresponds to a concentration of 450 mM. The molecu-
lar weight of gelatin (denatured collagen) is less clearly defined as it contains
fractions with molecular weight as high as 106 (see Stainsky, 1977). The molecular

weight of the ®—chain of collagen is close to 90,000 (Piez, 1967). Using a value as
500
9 x 10°

low as this, the molar concentration of a 50% gelatin solution is only

5.5mM compared to the measured value of 2240 mM! An equally remarkable

of the gelatin curve is its pronounced sigmnid shape which indicates that the osmotic

.ééiivity, while higher at a lower rénge, abruptly increases when gelatin reaches 45%.

Figures 2 and 3 show qualitatively similar curves for solutions of poly-
vinylpyrrolidone (PVP) and poly9ethylene oxide) (PEO). Quantitatively, PEO demon-
strates the extensive increase of osmotic activity at similar concentrations even
though the average molecular weight of PEO (600,000) is higher than that (f PVP

(360,000) or gelatin. Indeed a 40% PEO has a molar (or molal) concentration of only

400
~600,000

times higher. Similarly at a 55% concentration, the molar concentration of PVP is

= 0.67 mM yet the measured similarity is 2620 mM which is nearly &090.

only 1.53 mM while the measured osmolarity is 3300 mM or 2160 times higher.

We also studied polyvinylmethylether (PVME) solutions but decided that the
observed data are not worthy of publication since it reflects a peculiar kind of
artifacts due to the tendency of PVME to separate out into denser phase (coacervate)
and lighter phase (dilute PVME solution) as room temperature varied in our laboratori.
The persistent presence of droplets of dilute PVME in a denser phase of concentrated

PVME makes the measurement of PVME concentration-dependent osmolality reflecting more
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the property of these droplets with high water activity rather than the low-water
activity dense PVME phase.
The PVP and PEO data shown in Figures 2 and 3 respectively are plotted in

a different manner in Figures 4 and 5. Here the ordinate represents the measured

mbaaa i atwts e loatatilale

osmotic pressure (M in units of dm HZO divided by the polymer concentration C2 in

-
o

grams per liter of solution. The abscissa represents the polymer concentration C.

This plot is, of course, based on the theory (see Tombs and Peacocke, 1974)

\
i
—=RT—1' [-]':_4' BC + CC 2+DC 3+ .oo.] (1) .i
C - M 2 2 2
2 V1 2

where R,T have the usual meanings. V? is the volume per mole pf pure solvent acid

. g, € e .
Loaty

V& is the partial molar volume of the solvent in the polymer solutions, Mz is the
molecular weight of the macromolecule in units of gmol-l. B, C, and D are the

‘Seéond, third, and fourth virial coefficients in units of mole 1 g-z, mol 12 g -, and

W
N - BV,

mol 13 g-A respectively. However, following tradition the virial coefficients
tabulated from these data are given in units of mol rn/g”2 etc. (Table 1).

The most outstanding features of these plots are the steep curvature and
hence very large 3rd or even &4th virial coefficients are required to describe the
data, Like in all curve fitting, the values assigned are somewhat arbitrary, es-
pecially the second virial coefficient term in cases where a large, higher ordgr.
terms dominates,

Discussion
The most outstanding observation recorded here is the enormous osmotic ace

tivity of the aqueous solutes of the three polymers, two neutral (PEO and PVP) and

one charged (gelatin) far beyond the molar concentrations of the polymer present.

-

?Q{ At face value these model studies support the theory of the osmotic effect in living
Eg cells due to extender protein chaini . .o However, some contam-

")

P2 inants in the form of oxidation reaction may give rise to, say, carboxyl groups and
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and their counterions and increase the total osmotic activity beyond that of the

originally neutral polymer. Our analysis of the Na contents of PVP and PEO samples ;j
first equiliﬁrated in 0.1 M NaCl and then exhaustively dialyzed in distilled water ;f
made somewhat alkaline with the addition of NaOH revealed a total Na content of ij
about 5 minimolar concentration in a 407 polymer solution. This is too trivial to ;i
make any significant difference. A second source of possible error is our calculated éj
molar concentration of the polymers is the heterodisperse molecular weights. How- }éi

ever in dilute solution form the polymer has been exhaustively dialyzed with a dialy-

Tt

sis tubing with a molecular cut-off ‘point of about 12,000 daltons. Thus, even if

the M.W. of all the polymers studied were 12,000, a 40% solution would still be

~ 400 .
Stily Tf;ﬁﬁﬁ = 30 wM, which is far from the recorded osmotic activity of more than
’

1000 milliosmolar. Thus heterodisperse M.W. could not be the cause of high osmotic

activities observed.

Finally the sigmoid;sﬁape& cﬁfves, showing an asfﬁpt-incréiéé 8;-
activity at around 30 to 40% rules out these and other possible contaminants as the
cause of the erroneous osmotic activity at higher concentration since such con-
taminants as a component of the polymer should linearly increase with polymer con-
centration. Huving eliminated contaminants in the osmotic activity observed and due
to their enormous molecular weights, I conclude that gelatin, PVP and PEO which

have been shown to have the power of reducing the solubility of water for Nat salts,

sugar, and free amino acid, do indeed have strong effect reducing the activity of

water especially when the polymer reaches a certain concentration. .

These general patterns of behavior are
shared by the solutions of the two synthetic polymer PEO and PVP and that of gelatin

but not of hemoglobin, a native globular protein.

The Structural and Concentration Requirements of the Osmotic Effect of Polymers .

The minimal structural requirement for the polymer to have the pro-
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nounced water activity reducing effect are the same as those as that producing the

reduction of solubility for Na+, sucrose, and glycine: the possession of oxygen

atoms at regular intervals about 2-water diameters apart and that these oxygen

&

atoms must be freely exposed to the bulk phase water and not locked in %-helical

R
“
i
o
{
'S

or other intra- or intermacromolecular H-bonds (Ling et al, 1980b). Thus globular
hemoglobin does not have the effects seen in gelatin.

The present findings thus provide another set of evidence that the usual pro-
perty of gelatin and hence Graham's colloid may reside in the powerful effect of
:; its extended — “chain to reduce the activity of water in its
- vicinity.

While Figure 1 clearly shows that at all concentration ranges, gelatin has much
greater osmotic or water-activity-depressing effect than hemoglobin, it is when
gelatin reaches a certain critical concentration at about 45% that the effect becomes
suddenly very pronounced. This type of behavior, in appeardnce, at least reminds~ - =~ — K
d one of the sigmoid-shaped oxygen uptake curve of hemogiobin and is generally
v
’ acknowledged to be due to cooperative interaction among the heme-sites on which

oxygen molecules are cumplexed; the binding of one oxygen molecule enhances the

affinity of other sites for more oxygen. In our present case, what we see is that

as the polymer concentration increases its effects on the water activity also demon-

(4

strates characteristics of cooperative behavior. Let us examine what could be the

i)
¥ e

basis of this phenomenon. Let us focus our attention on PEO first,

%
» [ I AR V' S

Being simply repeating units of (-CHZCHZ-O-)n, this polymer has no side .
chains and the only seat of direct interaction with water are the oxvgen atoms.
Therefore the effect of increasing PEO concentration on water activity could only

be due to synergistic effect of water-activity reducing effect produced by one oxy-

| SRR

gen atom and those of other ethylene oxide oxygen atoms on other chains in the

vicinity. The sharp increare of water activity reducing effect may thus be due to

the enhancement of the propagated polarization (or induction) and the rotational

'
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immobilization produced nearby ethylene oxide oxygen atoms on nearby chains when
the average chain-to-chain distance decreases to a point that the propagated

N inordinate effect mediated through the water molecules can be strong enough to
affect water molecules already acted on by neighboring chains as illustrated in
Figure 6.

o Since gelatin, PVP, and PEO all show highly similar sigmoid shaped curve in
their water activity reducing action and the only H-bonding groups they share are

the regularly and suitably separated oxygen atoms on the chain, these models to-

E;E gether support the XEE? that certain extended protein chains in living cells may -
gg also be responsible to the reduction of water activity to match that of that in
;f the external medium of sea water, plasma, etc., which owe their water-reducing effects i
:5; to free ions present, E
.:3 The Relationship Between Water-Activity Reduction and Water-Solvency Reduction i
i Figure 7 plots the P-value for Na‘t {aad Mg++) cbtained mostiy.already ...._._ ____ i
‘Eﬁ published data (Linj et al, ) but include some new data. Note that a 40% PVP 1
.ij solution the P-value for Mgt has dropped to less than 0O,1. That is, at least 907% :
t of the water has been so profoundly affected by the PVP that it has lost all its
2;3 solubility for Mg++. In fact, the exclusion very unlikely could be absolute. Thus
E;j it is more reasonable to conclude that all the water has been profoundly affected

: in its solvency by PVP.
g? Unfortunately the PVP concentration expressed here in Fig. 7 as-.well as those
E;E of gelatin and PEO cannot be directly compared with those of Figures 1 to 3. The os- ;
o o

- motic activity measurements were made on the basis of pure water-polymer systems while
o that shown in Figure 7 contains besides water, and polymers, also high concentrations
o of Na citrate. Indeed it was by varying the concentration of these salts that

polymer-water system with different water contents were created. (This subject of

L)
’l/l {‘
e e ondin

- swelling-shrinkage of polymer-water system will be fully described in another

o article). Nevertheless, the water activity reduction effect and the solvency reduc-
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b
tion effects show close parallel behaviors including sharp changes at certain poly- ;;
mer concentration and the increasing effectiveness of the three polymers studied: i:
gelatin < PVP < PEO. D,

One of the reasons previously given for the greater solvency reduction effect {?
of PEO than the two other polymers is its extreme simplicity of structure and in- :L
D.

]
i
3

ability to form hydrophobic, interchain H-bonds as in the formation of " collagen
folds" in the case of gelatins,

The parallel behavior between the water activity reducing effect and the
solvency reduction Ezfect of these.orygen-containing polymers are to be expected from
the proposed mechanism of both phenomena. The water activity reduction is most
likely the consequence of polarization and immobilizationiby the propagated pol-

arization emanating from the oxygen atoms and the reduction of in particular the

rotational " partition functions" (Pigg) in statistical mechanical terms. Such a

reduction of Pzgg reduces the vapor pressure of the water, which was in fact what

we observed with the vapor-pressure osmometer used.
The solvency reduction effect has also been explained in terms of a rota-
tional partition fraction reduction, of the large, complex solute molecules or hy-
solute

drated ions (P:gtute) (Ling, 1965; 1972). However reduction of P_ot is the con-

sequence of the reduction of ngg in the same sense that a motional freedom of a
Luiiefé*/ (solute) is restricted when it is caught by the web of immobilized

spider web (water) can be cited for liver mitochondria inner matrix. Thus the
polymer concentration range needed to produce a marked effect on water activity

and solvency, when consideration has been given to the marked enhancement due to fine
organization of the matrix protein chains plus the large amount of space-filling
globular proteins, like hemoglobin, which by itself in its globular form begin to
have its own water-activity reducing effect (see Fig. 3 ) at concentration

comparable to that found in red blood cells., Thus in general, one may say that

with the limitation inherent in any model system studies, these findings are in

"

full harmony with the theory of the living cells in regard to both the mechanism for

PR AR, P T, RV T T VR
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maintaining low Na+, MQ**, and other solutes at low level without continual ex-
penditure of energy and in providing the basis of understanding why cells without
free K' can nevertheless be in osmotic equilibrium with external medium containing
isotonic concentration of free sodium and chloride iomns,

Comparison with Living Cells

The concentration of polymers needed to produce a pronounced effect on water
activity and on solvency are as a rule quite high (e.g., 40-50%). Can this system

be compared with that of the living cells? The answer is two-fold.

First, accotgigg Fo the polarized multilayer hypothesis of cell water, the
maximum effect on water polarization and solvency reduction occurs when the ex-

tended " matrix protein’” chains are fully extended and ars organized in a regular é?
array to be expected for the highly organized cell. All the model systems studied -

are obviously far from this situation being certainly more like a tangled " mess."

In support of this expected-.effect of-.chain orientation, Ling et.al.have -shown-the  _. _.
PNa for PVP-water system decreases with stirring (Ling et al, 1980a, b). These
results are in full accord with earlier report of Woessner and Snowden (1973) who
gave NMR evidence for increased water structuring as a result of the stirring of
another polymer-water system (Keizancg)).

The second point is living cells contain 20 to 30% proteins but some cells
(e.g., human erythrocytes) contain as much as 40% proteins. The question is, if
the protein chains are indeed fully extended, how would the change of the content
of these proteins affect the number of water molecules found between the nearest
neighboring chains? For this a simple calculation will reveal some very inter-
esting insights. Thus if one liter of cells contains n grams of proteins, we can
assume an average amino acid residue weight of 112 (see Ling, 1962, p. 48), an

Avogadro's number of 6.06 X 1023, a paptide linkage lenzth of 3,5 X 10'8 cm,

then the total length of the polypeptide chains added together would equal — X

112
6.06 X 1023 X 3.5X 10'8 = 1,89 X 1016 n cme Cut into 10 cm long filaments, these

- - “ Ao . - .
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filaments, uniformly distributed, in a 10 X 10 X 10 cm cube, there would be

13 6

1.89 X 10 " n or 4.34 X 10° n filaments to each side and the distances between

10 s — =2.30X 1078 écm.
4,3 X 100 n n

Figure 8 shows a plot of the parcentage of proteins against the distance (right

each nearest neighboring filaments would be

ordinate) and the number of water molecules between each pair of nearest neighbor-
ing chains (left ordinate) after assuming a diameter of 3 £ for each water mole-
cule.

Of course, these calculations assume all the proteina to be in an extended
conformation while in truth much of the protein must be in the globular form.

To offset the effect of reduced concentration of total extended proteins, is the
space occupied by the proteins themselves which can be considerable at the high end
of the protein concentration,

The most significant point that this figure demonstrates is how little does
" the number of water molecules between the protein filaments change with protein con-
centration. Thus an 8-fold increase of protein contents from 10% to 80% protein has
only increased the distance by 2.8 times.

Another important feature shown is that even at a protein concentration as
low as 10%, there are less than 8 molecules between a pair of nearest neighboring
chain.

This single illustration of the square root relation also raises another )
quastion, " If the distance between the chains and hence the number of water mole-
cules spaaiing two protein chains are so little affected by the protein concentra-
tion, why should there b2 such abrupt change of water activity when gelatin, PVP, and
PEO concentration rises from 30 to 50% as the data of Figure 1 to 3 show?"

I b-1 eve in part the answer may lie in the coopsrative nature of the in-
duced water-to-water interaction and in part, due to the heterogenous distribation ‘
of the polymers in the solutions. Large cluster of tangled polymer chains creates
large holes where chain to chain distances are much larger than the calculated

average. In agreement, the most likely candidate for forming each chain-to-chain
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intraction, gelatin has to reach the highest concentration before reaching the
half-way point in the water a:tivity as well as solvency reduction effect. PEO
which has the least tendeacy to form chain-to-chain bonds, reaches its halfway

points at the low23t concentration.
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Figure 1. Osmolality of gelatin and hemoglobin at varying concentrations.

Osmolality are given in Osmolal concentration., Protein concentrations

are in % (wt/wt). Each point is the average of at least 4 independent
determinations and the distance between horizontal bars are twice the
standard errors. Six extra points on the hemoglobin curves shown as
X's are taken from Adair's data (see text).
Figure 2. Osmolality of polyvinylpyrrolidone (PVP) solution at varying concen=-
trations., - o
Details are the same as in Figure 1.
Figure 3. Osmolality of poly(ethylene oxide) (PEO) solution at varying concentra-
tions.
Details are the same as in Figure 1.
Figure 4. Plot of T/C against C in PVP solutionms.
Osmotic pressure, ", is in units of cm of HZO C in grams of polymer per
liter. Data are the same as in Figure 2, except that standerd error
bars are not represented., The solid line going through the experimental
points were based on Equation 1. Values of virial coefficients chosen
to fit the data are given in Table 1. For comparison the hemoglobin
data ofbour own and from Adair are also shown.
Figure 5. T/C vs. C plots of PEO solutions.
Details are similar to those described in Figure 4, Value of virial
coefficients are those given in Table 1. For comparison hemoglobin
data of our own and from Ada;r are also shown.
Figure 6. Plots of apparent equilibrium distribution coefficients of Na' salts
(P-value) of polymer water system against polymer concentration given as
% (w/w). New composite plots from data mostly old (but some new) given
in different ways of precentition earlier (Ling, 1980a,b). P values

were obtained by equilibrium dialysis of radioactive labelled-Na¥ in
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Na cityate or sulfate solution of high concentration (0.1 M to 1.5 M).
Diagrammatic illustration of the effect of decreasing distance between
prote;n chains or model polished glass surfaces, N represents negatively
charged sites and P positively charged sites. NP-NP system represents two
muxtaposed surfaces (e.g., polished glass) containing N and P sites are
regular spacing like a checkerboard., NP-NP-NP system represents equivalent
matrix of linear chains carrying N and P sites at regular intervals separated
from each other by distances roughly that of one water diameter., N and P
may represent the CO and NH groups of an extended protein chain., PEO and

PVP have no proton-donating group and are referred to as NO-NO-NO system

where O represents vacant sites and therefore the N to N distance has to

equal 2 water-diameters apart.

The theoretical distances both in Xngstron units (right ordinate) and in
number of water molecules between nearest neighboring (fully extended) protein

chains in hypothetical case when the entire protein contents (abscissa, in

% (w/w) are in the fully extended state and occupy nc space.
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B c D
(mol.ml,gjz) (mol.ml.'zg'3) (mol.ml.-3g:f)
PEO 5.54 X 107> 2.17x 107} -
R PVP 1.25 x 107> - 3.28 X 1072
Gelatin  3.29 X 1072 5.15 X 1072 -
Hemoglobin .. 1.5 X 10.3
Table 1

Virial coefficients from the measured osmotic properties of aqueous
systems of gelatin, PVP, and PEO
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COOPERATIVE INTERACTION AMONG CELL SURFACE SITES: FURTHER EVIDENCE IN
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b SUPPORT OF THE SURFACE ADSORPTION THEORY OF CELLULAR ELECTRICAL POTENTIAL

by
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Running title: Cellular Electrical Potential
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INTRODUCTION
Moritz Traub's copper ferrocyanide precipitation membrane (Traube,

1867), with its nearly perfect semipermeable properties, provided the founda-
tion both for Pfeffer's membrane theory of osmotic and solute-distribution
} properties of living cells (Pfeffer, 1877) and for Ostwald's suggestion of
a membrane origin of cellular electrical potentials (Ostwald, 1890).
Ostwald's suggestion was developed first into Bernstein's '" membrane theory"
(Bernstein, 1902) and then into the " ionic theory" of Hodgkin and Katz (the

HKI theory) (Hodgkin and Katz, 1949). These and subsequent workers considered

membrane permeability the key parameter determining cellular electrical poten-

l.'

tials. The relations between the magnitude of the potential and the tempera-

N Y

ture and between the potential and the external Kkt and Nat concentrations

have been predicted according to this theory and repeatedly verified. However,
a recent survey shows that a great deal of experimental evidence has been
collected in the last 25 years; some of them confirm and others contradict the
HKI theory (Ling, 1979, 1982). 1In the same review it was pointed out that the
evidence in favor of as well as against the HKI theory together support the
surface adsorption theory of cellular electrical potential (the SA theory).
This theory is an integral part of the association-induction hypothesis (the

AI hypothesis) (Ling, 1962; 1967a,b; 1978; 1982).

According to the SA theory, cellular resting potential bears no direct
relation to membrane ion permeability but is related to adsorption of cations
on anionic sites, primarily the 8- and Y-carboxyl groups of proteins, on the

outer cell surface.

N
-~
3 In its simplest form, the SA theory of the resting potential (V) can be
-

written as
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¥ = constant T l Ky [K“-_l + KN [Na"] , (1)
where R and F are the gas and Faraday constant, respectively; T is the

+ + +

abgsolute tempersture; [K ]ex and [Na+]ex are the external K° and Na' concen-
trations; and lﬁ( and KNa are the respective adsorption constants of these ions
on the surface anionic sites. It was pointed out that Equation 1 predicts no
relationship between V¥ and variables (e.g., the cytoplasm K¥ level) that

hawe not been experimentally verified (Ling, 1978).

Equation 1 can be put into a more general form®

(2)

Y e =)

1 Ki [Pi+] ’

¥ = constant - BT in
F ex

i

+
where [Pi ]ex is the external concentration of the ith monovalent cation among

e

a total of n kinds. Ki. is the adsorption constant of the ith species.

More recently, a refined version of the SA theory was presented (Ling,
1979) in which the surface adsorption sites for K' or Na' are no longer considered
to be independent of one another but show an autocooperative interaction,
similar to that demonstrated for the bulk-phase adsorption of K* and Na% in
a variety of living cells, (Ling, 1966, Ling and Bohr, 1970; Jones, 1970; Kareman, 1972;
Gulati, 1973; Negendank and Karreman, 1978). The equation for the resting

potential in this newer version of the SA theory is as follows

i
¥ = constant +%% —_}_— 1+ 2ol ’ (3)
LS ]ex ' ~/(5 - 12 4 48E
where \
8 = exp (Y/RT) , (4)
e LR T e e e R i
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KS:*K is the intrinsic equilibrium constant in the Na™K exchange adsorptionm.

This paper reports experimental studies designed to test the SA theory

in general and predictions of Equation 3 in particular.
MATERIALS AND METHODS

We used isolated sartorius muscles of Northern American leopard frog
(Rana pipiens pipiens, Schreber) from Vermont. The technique of measuring the
resting potential of single muscle fibers was essentially the same as that des-

cribed by Ling and Gerard (Ling and Gerard, 1950).

The basic Ringer solution contained the following ingredients: 2.5 mM
k', 100 mM Nat, 1.0 mM ca’™, 1.2 mM Mg*, 86.7 mM C17, 15.7 mM HCO,, 2.7 mM
POA’ 0.1 mM NO3, and 23.5 mM glucose. In addition it contained 14 vitamins
and 21 amino acids as well as penicillin (0.1 mg/ml) and streptomycin (0.1

mg/ml) (see Ling and Bohr, 1969). As a rule the Ringer solutions were in

equilibrium with a gas phase containing 95% 02 and 5% COZ' In virtually all
cases in which incubation lasted lcorzer than a few hours, sterility was
strictly maintained. Unless otherwise stated, the incubation solutions were

gently shaken in a room maintained at a constant temperature of 25° ¥ 1%.
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RESULTS

Time Course of Resting Potential Change in Low and Normal kt Ringer Solution

at 25°C

Figure 1 shows the time course of resting potential change when sar-
torius muscles were incubated in a Ringer solution containing not the usual
2.5 m1 KV but virtually free of K*. It took about two to three hours for the rest-
ing potential to reach a new high level. If a large volume of"K+-free"Ringer
solution (i.e., one or two muscles in 500 ml) was used, the potential having
reached the high level began to fall slowly until it finally reached a new
low level. When the muscle was then transferred back to a normal Ringer
solution containing 2.5 mM K+, the resting potential.would rise rapidly,
approaching its original high level of 85 mV or so within 6 to 8 hours (Fig. 2. The
inset of Figure 2, taken from Ling and Bohr (1970) shows the time course of
changes in the total Kt and Na® contents of sartorius muscles during similar
exposure, first to low-K" and later to normal-K' Ringer solution. Thus the
data shown in the main part of Figure 2 and in the inset represent different
aspects of the same experiment: 1in the inset, total KT and Na' contents were re-
corded and in the central graph, resting potentials were recorded. Let us now

compare the similarities and differences between the two.

In the low-K' Ringer, the time it took for the total K' level of the
cells to fall to a final low level was about 80 hours; it also took approx-
imately the same time (70 hours) for the resting potential to fall to the new

low level.

On returning to normal Kt Ringer, it also took nearly the same length

of time (60 hours) for the total Kt content to regain its normal value; in
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sharp contrast, the resting potential required only about 6 to 8 hours to

regain its normal value.

In Figure 3, return to higher potential in a normal 2.5 mM kY Ringer
was compared in muscles that had been exposed to four different low-K* con-
centrations (0.02, 0.34, 0.60, and 0,93 mM). The time it took for the poten-
tisl to return to its final high level varied with the (low) K' concentration
to which the muscles had been exposed. At concentrations of 0.60 and 0.93 mM,
the return was fast (1 hr); at concentrations of 0.02 and 0.34 mM, the return

was slower (>2.5 hr).

Figure 4 shows that the return to a higher potential in normal 2.5 mM
Kkt Ringer solution following exposure to low-KT Ringer does not depend on the
size of the muscles. This independence of muscle size and hence depth of the
extracellular spaces shows that the slow return to a normal resting potential

is not due to a delay in diffusion through the extracellular space.

The Resting Potential at Varying External kt Concentrations and a Constant Na+

Concentration of 100 mM

The fact that the resting potential of muscles exposed to low=k* Ringer
solution required a long time to reach its new steady level shows that much
of the earlier data on the effect of below-normal external K' concentration
(normal K concentration is 2.5 mM) on the levels of the resting potential,
carried out after a short equilibration time, were not related to equilibrium
levels; in contrast, time course studies published earlier show that the
earlier data on the effect of external K¥ concenﬁration at a K' concentration
equal to or above 2.5 mM do represent equilibrium values (see below) (Ling,

1962; Ling and Gerard, 1950).
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Figure 5 presents a plot of the steady resting potentials of frog sar-
b
torius muscles at low external K' concentration after 3 days' incubation at i

25°C and at high external Kt after only 10 to 15 minutes of equilibration.

After resting potential measurements were made, each muscle was re-
turned to a normal 2.5 mM K Ringer solution. All muscles then regained a
normal resting potential similar to that already shown in Figure 2. This pre-
caution assures that the measured resting potentials were not fram dead muscles. The
inset shows a set of theoretical curves calculated from Equation 2, published
before the set of experiments cited here were undertaken (Ling, 1979). The

data would fit a curve with © equal to 0.03.
DISCUSSION

The Significance of the Widely Different Time Course for Depolarization and

Repolarization

In 1960 Ling showed that the resting potential of frog sartorius muscle
dropped to a new low level almost instantly following the application of a
Ringer solution containing 30 mM K' and that this low level of potential was
maintained for at least 10 hours at room temperature (Ling, 1960, see also

Ling, 1962), in spite of the fact that there was a steady gain of intracel-

lular K* during this period of time (Ling and Ochsenfeld, 1966). This constancy
of the resting potential in the face of a steadily rising internal kKt concen-
tration offered one early set of evidence against the membrane theory, pre-
dicting that the resting potential depends directly on the intracellular kY

concentration.

It was also shown that a Corning 015 glass electrode is not sensitive

to K'. Yet, application of a very thin layer of oxidized and partially dried
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collodion rendered the glass electrode sensitive to the K™ concentration in
the environment (Ling, 1962; 1967a, 1967b). These findings led to the
conclusion that it is not the ionic permeability through the membrane that
determines the ion to which the electrode is sensitive. Rather, the
selective adsorption of the surface anionic sites underlies the sensitivity
exhibited by the 015 glass electrode to H' and not to K*, by the collodion-
coated glass electrode to both H and K+, or by the frog sartorius muscle to
K but less to Nat. Only a few layers of anionic sites at the surface of the

living cells or their model glass electrodes determine the potential.

On the basis of this theory one can anticipate that the resting poten-
tial of living cells would change abruptly when the cells are plunged into a
Ringer solution containing a K" concentration higher than 2.5 mM because all
that is involved is the occupancy of a very small number of vacant sites at
the surface. Similarly, when the muscle is plunged into a rather small volume
of Ringer solution containing 0.6 to 1.0 mM of K+, one observes a fairly rapid
attainment of a new higher level of potential. Again, this is not difficult to
understand, because it involved primarily a decrease in the number of K" ions
adsorbed at the surface. However, when the muscle is shaken in a large body

of Ringer solution containing virtually no K+, the muscle as a whole loses K

R
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.
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slowly and steadily. In the process, the surface anionic sites will continue

'
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to receive K¥ from the inside of the cell and thus maintain a high potential

until eventually intracellular K' is exhausted, at which time all the surface

anionic sites will become occupied by Na+, and the potential will approach a

level of nearly zero. The similar time courses for a loss of total cell Kkt i;
and a gain of total cell Na® on the one hand, and for a fall of resting poten- :;ﬁ

Re
tial, on the other, support this view. i
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When a depolarized muscle is returned to a normal 2.5 mM Kt Ringer -

solution, reoccupancy of the cell surface anionic sites again involves only
adsorption of K" to the surface layer of sites and can be expected to be rapid.
However, in contrast to the exposure of normal muscle to a higher than normal
K* concentration (e.g., 30 mM), this return to normal potential involves not
only simple site occupancy but also a cooperative transition of the surface
anionic sites from the Na' state to the KV state. Like all similar coopera-

tive, or more correctly, stochastic, process, this transition is time-dependent

(Negendank and Karreman, 1978; Huang and Negendank, 1980), which, we believe,

explains why it would still take some 6 to 8 hours for the resting potential ]

to reach the new equilibrium value even though this is still about 8 times i#
faster than the time required for total intracellular K™ to return to its
normal level. Indeed, according to the inset in Figure 2, one would expect
that by the time the resting potential has risen to its full value, intra-

.. cellular K¥ concentration could not have recovered more thana fraction of its

initial concentration. These findings offer additional support for the SA

theory of the cellular resting potential, which predicts that there is no
S direct dependence of ¥ on the bulk-phase intracellular K' conce~tration but

that only adsorption on the surface anionic sites determines V.

-~ Autocooperativity Among Surface Anionic Sites

As mentioned in the Introduction, there is now widely confirmed evi-

dence that cooperative interaction exists among the K*- and Na*- adsorbing

N SR AR NRIS

sites within a variety of living cells. Recently, three laboratories using
a total of four different methods (autoradiographic methods, transmission .
electron-microscopy, x-ray microprobe analysis, and laser microprobe mass- o

spectrometry (LAMMA)), all showed that K¥ in frog muscle is not free and
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evenly distributed inside the cells but is adsorbed within the A bands and

Z lines (Ling, 1977; Edelmann, 1977, 1978a, 1978b, 1989; Trombitas and Tigyi-

“iat * ¥ " .
SRS
-
adida

Sebes, 1979). This conclusion is further supported by the observation of o
= Huang et al (1979) of the x-ray absorption edge fine structure of K* in

frog red blood cells. Their data strongly suggest that K* is in a state of

}: complex binding. Taking all the findings together we feel that the coopera- o
Eé tive adsorption isotherms of K+ and Na+ originate from interaction between ;i
i intracellular K+-adsorbing sites that exist primarily on cell proteins, as :
'y described by the association-induction hypothesis (Ling, 1966; Ling and Bohr,

%E 1970; Jones, 1970; Karreman, 1972; Gulati, 1973).

With this point firmly established, one recalls that for frog sartorius
muscles, the average intrinsic equilibrium constant at 25°C for the bulk-phase
K¥- and Na*-adsorbing sites (K§:ﬂK) is equal to 135, and the nearest-neighbor
interaction energy (- Y/2) is equal to 0.54 Kcal/mol. The data presented in
Figure 5 also permit us to estimate that KS:*K equals roughly 210 and - Y/2

is 1.0 Kcal/mole.

The demonstration that the surface anionic sites are autocooperatively
linked is of considerable importance, A ccording tco the AT hypothesis it
is this autocooperativity_that provides the basis for the action potential,
during which the all-or-none shift of electron density (the c-value of the Al
hypothesis (Ling, 1962)) of the surface anionic sites from a state of over-
whelming preference for K* over Na¥ to one in which there is a greater preference
for Na¥ oc.curred. Concomitant with this c-value shift, depolarization of water at
the cell surface leads to the inward Na® current followed in turn by a return

to the KT state (Ling, 1962, 1971, 1982, see also Ling, 1973).

]
:

The fact that during the passage of an action current there is an
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increase not only in Nat permeability but also of uncharged molecules like
erythritol and sucrose adds support to the concept that depolarization of cell

surface water increases permeability to all large, complex molecules and hy-

drated ions during the activated state (Villegas et al, 1965).

It is also interesting to ponder the basic similarity in the values of
ng*K and - Y/2 for the bulk-phase adsorption sites for K' and Na' and for
the surface sites, which would suggest that similar sites are involved. We
have already shown that the surface anionic sites have a pK value around 4.6,
which is characteristic of the ®- and Y-carboxyl groups (Ling and Ochsenfeld,
1966). Furthermore, the bulk-phase K+-adsorbing sites are those P- and V-
carboxyl groups concentrated in the A bands (Ling, 1977; Edelmann, 1977).
The same reasoning led to the prediction that the K+-adsorbing gites in muscle
cells are in fact the same sites that adsorb uranium ion in an EM preparation -
a prediction fully confirmed by the autoradiographic study of Ling (1977)
and of Edelmann by the transmission electron microscope and x-ray microprobe
analysis (Edelmann, 1977, 1978a, 1978b). Thus the dark uranium-stained double-lines
referred to as the unit membrane may perhaps correspond to the B- and Y-

carboxyl groups concentrated at the cell surface.

HKI Theory, Al Hypothesis, and the Cellular Resting Potential When Normal

External K+ Concentration is Below Normal

A logarithmic relation between external K* concentration and the resting
potential of isolated nerves was reported in 1900 by MgcDonald (MacDonald,
1900). Curtis and Cole (1942) studied the effect. of a wide range nof external
K' concentrations on the resting potential of squid axon; they noted that at
external K* concentrations below that in the normal environment the resting

potential did not continue to rise with decreasing Kt concentration, as pre-
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dicted by the Nernst equation. Instead, the potential became stabilized at a
more or less constant level. Similar observation was made by Ling and Gerard

(Ling and Gerard, 1950) and many others (cited in Ling, 1962).

D lelaly Sa T T bt i laal b s

In 1949 Hodgkin and Katz (Hodgkin and Katz, 1949) adopting Goldman's

constant field theory, introduced their equation for the cellular electric

potential:

.
L]

+ + -
v Ry, P (K7D o+ Py WNa', o+ R, [O17]

F

’ (6)

+ + -
PK [k Jex * PNa [Na ]ex * PCI [c1 ]in

where PK’ PNa’ and PC1 are the permeability constants of the cell membrane for

K+

, Na', and C17, respectively. [Cl-]ex and [Cl-]in are the extracellular and
intracellular chloride ion concentrations, respectively. Other symbols are

as defined earlier.

Later, this equation was modified and took the following form (Katz,

1966):

P, [kT]. +Pp_ [Na™]
Y K ~ in Na - in . (7)
PK [k ]ex * PNa (Na ]ex

;
!
:

The theoretical justification for dropping the chloride terms was seriously

challenged (Ling, 1978), although the experimental basis for this elimination

L LR
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was unquestioned (Hodgkin and Horowicz, 1959). For short-term experiments, at

)

least, Equation 6 can be further simplified and generalized into the following q

]

form: 3
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¥ = Constant - T"/’l iZI P, [P +] (8)

where Pi is the permeability of ith permeant cation Pi+° Equation 8 is
identical in form to Equation 2, derived on the basis of the AI hypothesis;
however, the coefficients Pi's, on the one hand, and Ki's, on the other,
have quite different physical bases. The results of experiments to test the
predictiong of each model support Equation 2 but not Equation 8 (Edelmann and

Baldauf, 1971; Edelmann, 1973; Ling, 1978) and will be discussed next.

As mentioned above, poth theories predict a simple logarithmic rela-
tion between ¥ and external K' concentration at or above normal concentration
and can also explain the stabilization of V¥ at K* concentration below normal,

. . + ,
because in these experiments [Na ]ex is more or less constant.

It was Weidemann who observed that in canine Purkinje muscle fibers the
resting potential did not stabilize at a constant value as [K+]ex continues to
decrease below its normal value and as [Na+]ex was held more or less constant
at near its normal value in the Ringer solution (Weidemann, 1956). Instead,
the potential decreased at very low external K+, just as we have observed and
as is shown in Figure 5. This obgervation was later confirmed and extended
by Ruzyllo and Vick in canine Purkinje muscle (Ruzyllo and Vick, 1974) and by

Gorman and Marmor in molluscan neurons (Gorman and Marmor, 1970).

In the experiments reported here, a profound difference existed in the
time needed for the resting potential of frog muscle to attain a new equili-
brium level for muscles plunged into a Ringer solution containing more or less
K™ than that in the normal Ringer solution. For high external K+, the equili-
brium is reached almost instantly (Ling, 1960); for low K+, it took many hours.

In sharp contrast, it took only 15 minutes of equilibration time for Ruzyllo
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and Vick (Ruzyllo and Vick, 1974) to observe the same low equilibrium poten-

+
tial at very low external K concentration.

Earlier, we explained that the slow attainment of the new equilibrium
level of the resting potential in low [K¥] is probably due to slow loss of
K' from within the cells and the continued supply of K'Y to the surface potential-~
determine sites. If this interpretation is correct, there can be only one in-
terpretation for the rapid attainment in cardiac muscles of the new equilibrium
level of the resting potential in loy [K+]ex; the time needed for the loss of
intracellular K must be much faster. To our best knowledge,
there is no exact counterpart of the data shown in the inset of Figure 2 for
canine heart muscles. However, Edelmann, Pfleger, and Matt did report
labeled Kt efflux of guinea pig heart muscles; the time of 90% exchange (t0.9)
at 37°C is about 50 minutes (Edelmann et al, 1971). In contrast, ty.q for
labeled K* exchange at 25°C in frog muscle is about 2000 minutes (25°C)! The
difference is far beyond what one would anticipate with a difference in tempera-
ture of 12°C. Thus it seems that indeed a much more rapid exchange of cell Kkt
exists in mammalian cardiac muscles than in amphibian voluntary muscles, and

at this level, the data support the above interpretation.

.
‘v
o

B

g
R
1
i
™

o
' a e

D R

oIE Ll

‘
Mttt o~ L S -‘_‘n.:-‘,\‘..-.."‘.":‘-_.".."_4 " .-‘\'.(‘.w~ SRS SN R . a
LRI, S, S, S, Sl . TR RS S0 S N Foll ST SR SR Wl Vet A S G U S SRR Y SN IPA ¥



- — - = TYTE WYY YT
_____ St "Dt B it T i Mt it Bt A PAR SIAICA SN

Rl AL Rt gl Hl M S S R TIMT R I T

oy A b el A el St NS R S ) . ST
. Ling and Fisher, Pg. 14
SUMMARY
; The resting potentials of frog sartorius muscles equilibrated in Ringer
ﬁ solutions containing low Kt concentrations were studied. Data show that

surface anionic sites are responsible for the resting potential. At low
external Kt concentration and high external Na' concentration these surface

G anionic sites autocooperatively shift to the Na' state in a way that is qual-
itatively predictable from the surface adsorption theory, a corollary of the

agsociation-induction hypothesis.
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Figure 1 - Time course of depolarization of :csting potential of a frog sar-

—~—

mosl torius muscle in " K-free' Ringer solution. Sartorius muscles

o were incubated in 500 ml of a sterile Ringer solution containing
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only a trace of & (i.e., 5 uM), and resting potentials were

measured at intervals.
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L2,
N
o Figure 2 - Time course of depolarization of resting potential of a frog sar-
) torius muscle in ' K-free'" Ringer solution and repolarization on
Y
,:' subsequent return to a Ringer solution containing the normal K" g
iR :
o concentration (2.5 mM) marked by the arrow. Inset is from Ling and
i?J Bohr (1970). For details of inset, see text. ’
3;1 Figure 3 - Reécovery of resting potentials following return to a normal 2.5 mM
Kt Ringer solution after three days of prior incubation in various
Ny
Et_ low-K* Ringer solutions; the concentrations of KT in these low-K*
'v\:
N incubation solutions were 0.93 mM (A), 0.60 mM (B), and 0.34 mM (C)
and 0.02 mM (D). Each point represents the mean ¥ S.E. from at

t\

N least three individual measurements. K
.'A :
R Figure 4 - Recovery of resting potentials following return to a normal 2.5 mM
. Kkt Ringer solution at 25°C with gentle shaking. Each point repre-

'tﬁ sents a total of 16 readings from four different muscles. The average
4‘-'-

LN

Ry weights of the large muscles were 164.3 t1.3 mg; that of the small
iu' muscles (B) 93.5 £ 5.7 mg.

el

30N .

.:: Figure 5 - Variation of the equilibrium resting potential of frog sartorius

RS

muscles at different external K and constant external concentration.
‘{?: All points corresponding to an external K' concentration of 4 mM
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:
; or higher were obtained by the conventional procedure; measure- ;”f
‘ ments were made 10 minutes after the application of each higher ;;1
! K* concentration. In this range, for 4 mM to 100 mM external :i%
L L
r K+, each point represents the average of four single determinations. tii

The standard errors are smaller than the width of the points and i;}

are not expressed. For points corresponding to 2.5 mM or lower if;

concentrations of K+, the muscles were incubated for three days i

at various K¥ concentrations. After resting potentials of the
muscles were placed in a normal 2,5 mM ' Ringer solution, to test
and confirm theiyr ability to return to normal. Each point repre-

sents average and S.E. of six readings.
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The concept that water in living cells may
exist in a physical state different from that of
normal liquid water'® stimulated consider-
able interest in the nuclear magnetic reson-
ance (NMR) relaxation times of water pro-
tons in living cells,®® (for review, see ref. 9).
The low Ti and T3, as well as the high ratio
of T1/ T observed in living cells, led some
scientists to the belief that the NMR data lent
direct support to the association-induction
hypothesis, according to which all or nearly
all cell water exists in a state of polarized
multilayers (PMW).

Subsequent investigations, however, led
many to a different conclusion. It was argued
that the short 7;, T; and high T/ 7: ratio
reflect only the properties of a minor-phase
water in rapid exchange with bulk-phase
water, which is simply normal liquid
water.” 1

It is gratifying to note that these efforts
aimed primarily at solving a basic science
problem have already led to the recognition
of one fundamental attribute of cancer'' and
the development of a potentially powerful
tool for clinical medicine, the FONAR." In
both, Damadian played a major and critical
role.

A major difficulty in using NMR relaxa-
tion time studies to determine whether or not
the bulk-phase water exists in the PMW state
lay in the lack of recognized criteria by means
of which NMR proton relaxation times could
be used to differentiate normal water and
PMW. This lack of known distinguishing
NMR traits of PMW in turn reflected the
fact that at the time the PMW model was
proposed there was no readily available

>
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NMR RELAXATION OF WATER PROTONS UNDER THE INFLUENCE OF
PROTEINS AND OTHER LINEAR POLYMERS

Department of Molecular Biology. Pennsylvania Hospital, Eighth and Spruce Streets, Philadelphia,

specimen of water firmly established as
existing in the polarized multilayer state.
Without an inanimate model, the assumption
that the major phase cell water is entirely
normal liquid water became the more appeal-
ing, whereas in truth the “cover-up” effect of
a minor phase rapidly relaxing water is so
powerful that the bulk-phase water may very
well have relaxation times quite different
from thsoe of normal liquid water and still
remain camouflaged.

Over the last few years, however, this lab-
oratory has succeeded in developing a simple
but efficient method of diagnosing PMW. By
use of that method, the existence of PMW
has been established as well as the conditions
that convert normal liquid water into PMW.
Specifically, the method consists of exposing
water to a matrix of fairly closely placed
chains containing oxygen atoms, the dis-
tances between the nearest neighboring
oxygen atoms being roughly equal to twice
the diameter of a water molecule.”*'* The
number of layers of water that can be effec-
tively polarized between chains is estimated
as falling below 10 molecules between a pair
of polarizing chains.

Among the water-affecting polymers
studied as matrices, the most intriguing is
poly (ethylene oxide) (PEO) (-CHz-O~-CHz;),
because of its extreme simplicity; this poly-
mer has no side chains whatsoever. Other
effective polymers are polyvinylmethyl ether
(PVME), polyvinyl-pyrrolidine (PVP), and
gelatin.

We have now carried out a series of studies
of the NMR proton relaxation times of water
in highly purified polymer-water systems.
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Reserving the detailed data for a full presen-
tation elsewhere, we report here the following
basic findings:

(1) Both T; and T: of the polymer-oriented
water are considerably shorter than those of
normal liquid water, becoming shorter with
increase of polymer concentrations.

(2) The ratio 71/ Tz, on the other hand, is
close to unity (1.0 to 1.4) in all concentrations
of PEO, PVME, and PVP solutions; it
resembles the 7y/T: ratio of normal liquid
water at near neutral pH."”

(3) Gelatin solution like that of native
bovine serum albumin, shows a much higher
T:! Tz ratio at high polymer concentrations.

Taken as a whole, the data can be inter-
preted as follows: water in the dynamic state
of polarized multilayers does indeed suffer
rotational (and translationalymotional restric-
tion' ® but far less than that seen in solid ice.
The correlation time, ., for water effectively
excluding Na', sucrose, and glycine, is
estimated to be no larger than 3.5 X 10" sec
(25°C) and thus not more than 10 times
slower than that in 1 »rmal water. 7° progres-
sively decreases with decreasing water con-
tent of the polymer-water system, reaching a
value of 10 ' sec at 20 to 35 water contents.
Since the Debye dielectric rotational correla-
tion time (r4) is equal to 2.5 73518 the
corresponding 7.a should be 2.5X 107" sec. It
is interesting to compare this value with the
additional dispersion of wet lysozyme pow-
der with a 7q of 2 X 10 ! sec that Harvey and
Hoekstra'® observed when the water content
increased beyond 0.35 g/g protein. This
water content corresponds roughly to the
limit of polar group hydration.” Therefore
the additional hydration referred to might be
largely due to polarization by the polypeptide
NHCO groups and thus would be polarized
in a manner similar to polarization of the
PEO-water system.'>'*%

The T,/ Tz ratios were found to be quite
different in the two proteins studied. Here a
minor phase of more rapidly relaxing water
in rapid exchange with the major phase water
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can explain the different behavior of both
native bovine serum albumin solution, whose
water is essentially normal as judged by its
solvency for Na’, sucrose, and glycine, and of
gelatin “gel” where water has reduced sol-
vency for these probe molecules. O

The foregoing work was supported by NIH Grants 2-
ROI-CA16301-03 and 2-ROI-GM[1422-13, and by
Office of Naval Research Contract N00014-79-C-0126.

REFERENCES

1. G. N. Ling. The physical state of water in living cell
and model systems. Ann. NY Acad. Sci., 125, 401
(1965).

2. G. N. Ling. Effects of temperature on the state of
water in the living cell. In Thermobiology. A.
Rose, Ed. Academic Press, New York, 1967, p. 5.

3. G. N. Ling, M. M. Ochsenfeld and G. Karreman.
Is the Cell Membrane a Universal Rate-Limiting
Barrier to the Movement of Water between the
Living Cell and Its Environment. J. gen Physiol.
50, 1807 (1967).

4. G.N. Ling. A new model for the living cell: A sum-
mary of the theory and recent experimental evi-
dence in its support. /nt. Rev. Cviol., 26, 1 (1969).

5. G. N. Ling and W. Negendank. The physical state
of water in frog muscles. Physiol. Chem. Phys., 2,
15 (1970).

6. O. G. Fritz and T. J. Swift. The state of water in
polarized and depolarized frog nerves. A proton
magnetic resonance study. Biophys. J., 7, 675
(1967).

7. F. W. Cope. Nuclear magnetic resonance evidence
using D;O for structured water in muscle and
brain. Biophys., J., 9. 303 (1969).

8. C. F. Hazlewood, B. L. Nichols, and N. F. Cham-
berlain. Evidence for the existence of a minimum
of two phases of ordered water in skeletal muscle.
Nature, 222, 747 (1969).

9. R. Mathur-DeVre, The NMR studies of water in
biological systems. Prog. Biophys. Mol. Biol., 35,
103 (1979).

10. 1. D. Kuntz and W. Kauzmann. Hydration of pro-
teins and polypeptides. Adv. Protein Chem., 28,
239 (1974).

1. R. Damadian. Tumor detection by nuclear mag-
netic resonance. Science, {71, 1151 (1971).

12, J. L. Marx. /hid., 210 (1980).

13.  G. N. Ling, M. M. Ochsenfeld. C. Walton, and T.
J. Bersinger. Mechanism of solute exclusion from
cells: The role of protein-water interaction.
Physiol. Chem. Phys., 12, 3 (1980).

n e D e -
s i im o

e e
e T

— e

box®

. «'-..'\-_A).~A
: AN

. . - A
FC T S T S WS 'Y




G. N. Ling anD R. C. MURPHY

14. G. N. Ling, C. Walton, and T. J. Bersinger. Re-
O duced solubility of polymer-oriented water for
sodium salts, amino acids, and other solutes
normally maintained at low levels in living cells.

Ibid., 111.
15. S. Meiboom, Z. Luz, and D. Gill. Proton relaxa-
tion in water. J. Chem. Phys., 27, 1411 (1957).
D. Eisenberg and D. Kauzmann. Structure and
Properties of Water. Clarendon, Oxford, 1969.
17. R. Cooke and . D. Kuntz. Annu. Rev. Biophys., 3,
95 (1974).

RRIPEIN. W VR WPRLIP LS. S YO VAP T W P~ |

9.

211

N. Bloembergen, E. M. Purcell, and R. V. Pound.
Relaxation effects in nuclear magnetic resonance
absorption. Physiol. Rev.. 73, 679 (1948).

S. Harvey and P. Hoekstra. J. Phys. Chem., 76,
2987 (1972).

G. N. Ling. In Water and Aqueous Solutions.
R. A. Horne, Ed. Wiley-Interscience, New York,
1972.

(Received November 26, 1980)

PR



0

“~
.‘

.
.

5 WM

s 8 “ -
LAty

;'.".‘. EAAL

)
.

L AN

«
.

NN

Woatal O L e

TR L Y

Physiol. Chem. Phys., 14 (1982)

PRELIMINARY NOTE

PPN g B IS R i At S A

213

APPARENT SIMILARITY IN PROTEIN COMPOSITIONS OF MAXIMALLY

DEVIATED CANCER CELLS

GILBERT N. LING and R. C. MURPHY

Department of Molecular Biology, Pennsylvania Hospital, Eighth and Spruce Streets, Philadelphia,

Pennsylvania 19107

Using SDS gel celectrophoresis, we
examined the total protein contents of 14
types of mouse cancer cells (Kreb’s, Reif-
Allen, P815, Hepatoma 134, P4132, LSA,
TA3, L1210, P1081, Ehrlich, Meth. A,
15091A, Sarcoma 180, T241) and 5 types of
rat cancer cells (Walker 256, Yoshida hepa-
toma, Novikoff, AS30, Dunning leukemia).
We then compared those contents with the
cellular protein contents of normal mouse
and rat tissues (brain, muscle, liver, spleen,
heart, lung, nerve).

The results show, on the one hand, much
similarity in the kinds and amounts of pro-
teins from the various types of cancer cells
although they derived originally from widely
different tissues. On the other hand, great
diversity is seen among the proteins from
normal cells, as to be expected. Eight of the
major polypeptide bands seen in all cancer
cells studied gave apparent molecular weights
of 34,000, 36,900, 46,100, 49,800, 57,000,
59,200, 69,600 and 92,500 daltons respective-
ly. All the cancer cells were what Potter' calls
“maximally deviated” as indicated by their
very short tronsplantation time (i.e., one
week).

Our findings, to be fully described else-
where, extend and are in harmony with the
conclusions of J. Greenstein®® from his
studies of one special kind of protein, the
enzymes. These he found different in normal
tissues but more alike in the cancer cells he
studied.

The present results suggest that cancer
may indeed represent a cellular change to
either a single ontologically earlier totipotent
state or to a single new totipotent state. In
either case, apparently actively transcribed
genes specific to their parent normal tissues
are shut off and a specific assembly of genes
common to all cancer cells is transcribed to
produce highly similar if not identical cancer
cells regardless of their ancestry. 0

This work was supported by a research grant from the
National Cancer Institute, 2-R01-CA16301-04.
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